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ABSTRACT 
 
As an alternative solution to support an urbanization, social change and the 
development of housing for foreign expatriates in Bangkok, the capital of Thailand, the 
condominium demand has been on a rising trend. The supply has possessed the highest 
share of 65% among the real estate market. The blooming of condominium has led to 
the increasing in the energy consumption since the air conditioning system plays the 
major role in reaching thermal comfort. It is therefore necessary to examine thermal 
performance of a high-rise condominium unit in Bangkok and also propose the initial 
design modification based on passive strategies with active system in order to improve 
indoor thermal comfort and reduce cooling energy consumption. 
 
The field investigation was conducted on indoor thermal environment of a one-bedroom 
unit during May 9 to June 8, 2015, the hottest season. The corner room facing south-
west was selected in order to represent the worst-case scenario for indoor thermal 
performance. The hypothetical cases were devised according to occupant adaptation 
towards thermal comfort. The potential of using natural ventilation during daytime and 
also reducing the time of air conditioning system usage were examined. 
 
The results showed that by applying natural ventilation during daytime along with air 
conditioning system during nighttime can effectively reduce indoor environmental 
temperature (EnvT). During daytime with natural ventilation, medium indoor wind 
velocity of 1.0 m/s could possibly provide acceptable indoor thermal comfort. But from 
the investigation, daytime average wind velocity was low due to the effects of single-
sided ventilation coupled with low outdoor wind velocity and less ratio of window 
openable area to floor area. Consequently, the upper limit of comfort range could not 
be extended effectively. 
 
For nighttime, humidity is the significant factor beside air temperature. Indoor humidity 
was higher than daytime. Only natural ventilation could not maintain a comfortable 
indoor environment. In addition, thermal energy from high outdoor air temperature and 
humidity had entered the rooms when natural ventilation was applied during daytime 
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coupled with the excessive heat from direct sunlight passed through the exterior 
windows. As a result, heat was absorbed and accumulated by the interior surfaces which 
resulted in an increasing of cooling energy when air conditioning system was applied. 
 
The investigated results were verified with simulated results. The trend of temperature 
comparison between measurement and simulation showed the correspondence to each 
other. It also validated thermal behavior difference between indoor air temperature and 
mean radiant temperature. After calibration procedure, the calibrated model was used 
as the initial model for studying design modification regarding thermal comfort and 
cooling energy saving. The parametric study had been carried out under outdoor 
environmental condition of the summer design day on April 21 and the winter design 
day on December 21. Factors influencing indoor thermal environment for high-rise 
condominium are studied. The results of environmental temperature and cooling energy 
reduction were compared in order to select the best case from each strategy. Adaptive 
thermal comfort and cooling energy of the integrated passive strategies with active 
system were evaluated. The design modification, based on the three-tier design 
approaches to achieve sustainable building, for high-rise condominium unit in hot-
humid climate of Bangkok can be described as follows. 
 
Heat avoidance strategy is the primary technique that should be concerned. The 
implementation of shading device, to shade the exterior windows, was the most 
efficient technique. Horizontal overhang and vertical fin with the projection factor of 
0.5 indicated the greater performance in room’s temperature reduction than the effect 
of using higher thermal resistance materials as the exterior wall. Moreover, avoiding an 
opening on west-facing façade indicated the equivalent performance as adding the 
overhang or fin on west-facing window. For the room with high heat gain from outdoor 
environment, using high thermal resistance material should be concerned to some 
extent. However, the reduction in room’s temperature was smaller than the use of 
concrete wall with plastering. 
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Passive cooling strategy is the second tier. Applying natural ventilation during daytime 
is preferable for hot-humid climate. Although daytime outdoor air temperature was 
higher than nighttime, but lower humidity coupled with higher wind speed could extend 
the comfort range and enhance the occupant comfort sensation under high indoor wind 
velocity of 1.5 m/s on summer design day and low indoor wind velocity of 0.5 m/s on 
winter design day. In addition, the hours of applying natural ventilation could be 
extended from daytime to nighttime occupancy due to the influences of low outdoor 
temperature and humidity in winter. Nighttime thermal comfort could be provided 
under indoor wind velocity of 0.5 m/s. 
 
Active cooling strategy is concerned when only natural ventilation could not provide 
the comfort environment, especially during nighttime when humidity was high. Under 
the set-point temperature at 25ºC, the conventional air conditioning system indicated 
the greater performance in space cooling compared to the radiant cooling system. 
However, room’s surface temperature was higher than air temperature when an air 
conditioning system was applied, thus it resulted in high environmental temperature. 
On the other hand, applying radiant cooling system could reduce room’s surface 
temperature to stay lower than indoor air temperature. As a result, heat from occupants 
and indoor air might radiated to the cooler surface of radiant panel. In addition, cooling 
energy consumption from radiant cooling system, chilled-water supplied temperature 
set-point at 25ºC, was lower than the air conditioning system. The results of applying 
radiant cooling system in the room with low heat gain indicated a greater reduction in 
cooling energy consumption compared to the room with high heat gain. 
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CHAPTER 1 
INTRODUCTION 
 
The holistic view of background and problem statement together with the research 
objectives are described in this chapter. Scope and core element of study along with the 
dissertation outline are also given. 
 
1.1 BACKGROUND AND PROBLEM STATEMENT 
The problem statement is started with the significant issues of the world energy crisis 
and climate change, follow by energy consumption situation in Thailand and also the 
barrier of policy driven from government and private sectors. Urbanization and the 
development of condominium which lead to the increasing in energy consumption due 
to the use of air-conditioning system are described. Climate and thermal comfort of 
people living in hot-humid region are illustrated.  
 
1.1.1 Energy Crisis and Climate Change 
Nowadays the energy crisis and climate change are the global significant issues that 
need the urgent attention to help solve problems. They are the inevitable issues that 
have the effect related to each other. The effect of energy shortage and crisis have been 
spreading around the world since 1970s. As the years go by, the world’s energy demand 
is continuously increased despite the fact that the fossil fuel resources are limited. From 
the report of the U.S. Energy Information Administration (EIA), see Figure 1.1, total 
world energy consumption expands by 34% from year 2000 to year 2012 (EIA, 2016) 
which is two-fold greater than the consumption from year 1990 to year 2000. 
 
In year 2040, the 48% increase of total energy consumption is projected. The energy 
consumption projections are divided according to the Organization for Economic 
Cooperation and Development members (OECD) and nonmembers (non-OECD). The 
projected ratio of the energy consumption between the OECD and non-OECD members 
is 35% and 65% respectively. For OECD members, the demand for energy rises from 
238 quadrillion Btu in year 2012 to 282 quadrillion Btu in year 2040 or accounted for 
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18% increase. In comparison with the non-OECD members, developing countries are 
accounted for the largest proportion of the energy consumption which is driven by rapid 
economic growth and development and the expanding of populations. Total energy 
consumption expands from 311 quadrillion Btu in year 2012 to 533 quadrillion Btu in 
year 2040 or accounted for 71% increase. 
 
 
Figure 1.1 World energy consumption from 1990 to 2040 (EIA, 2016). 
 
 
Figure 1.2 Energy-related carbon dioxide emissions from 1990 to 2040 (EIA, 2016). 
 
Carbon dioxide (CO2) emissions, result from the combustion of fossil fuels in the 
energy production, contribute to climate change by causing changes in the atmosphere 
which is commonly known as the greenhouse effect. Much of the growth in the world 
energy-related CO2 emissions is attributed to the developing countries (non-OECD). 
Projected CO2 emissions in non-OECD, see Figure 1.2, rise from 19 billion metric tons 
in year 2012 to 29 billion metric tons in year 2040 or accounted for 51% increase. 
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Figure 1.3 Map of Thailand’s flooding affected areas (adapted from Purnell, 2011). 
 
Carbon dioxide emission, the vast majority of greenhouse gas emission, has resulted in 
global climate change. The notable example influenced by climate change, La Nina 
phenomenon, is Thailand’s 2011 protracted flood. It is occurred when the severe 
tropical storm hit the country on July 25, 2011 and ceasing around mid of January, 
2012. Most areas of the country was affected by the flooding: the provinces of Northern, 
Northeastern, and Central Thailand including Bangkok, see Figure 1.3. According to 
the Asian Disaster Reduction Center (ADRC), there were 813 casualties, 9.3 million 
people affected, and 1.43 trillion Thai Baht or 46 billion USD economic damage and 
losses (ADRC, 2008; Haraguchi & Lall, 2014). In order to raise the awareness of the 
energy crisis and climate change in Thailand, the policies driven from government 
sector and private sector have been launched as described in the next section. 
 
1.1.2 Energy Consumption and Energy Efficiency Strategy in Thailand 
In Thailand, the total energy consumption of the country has been on the rising trend 
over the past two decades with the approximately 5% of overall power consumption 
per year (International Energy Agency [IEA], 2016). According to the Energy Policy 
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and Planning Office (EPPO), the Ministry of Energy, see Figure 1.4, the electricity 
holds the second share of the final energy consumption or 21% of energy demand 
(EPPO, 2016). Similar to the electricity peak demand reported by the Electricity 
Generating Authority of Thailand (EGAT), there is an increasing trend of electricity 
demand over the past four decades (EGAT, 2015) due to the extremely hot weather and 
the economic growth. The peak demand for electricity had recently beaten the record 
at 29,619 MW as of May 11, 2016 (EGAT, 2016). The building sector: residential and 
commercial sectors, accounts for 42.6% of the total electricity consumption, see Figure 
1.5 (EPPO, 2016). 
 
 
 
Note: Solid fossil fuel contains of coal and lignite. 
Petroleum products contain of LPG, premium, regular, J.P., kerosene, diesel and fuel oil. 
Natural gas in industry contians of energy and others. 
Figure 1.4 Final energy consumption in 2015 (EPPO, 2016). 
 
 
Figure 1.5 Electricity consumption in 2015 classified by sector (EPPO, 2016). 
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In order to reduce the energy consumption, there are the policies driven from the 
government and the private sectors. From the government sector, the Energy Efficiency 
Development Plan year 2015 to year 2036 (EEDP) has been released. The strategic plan 
is developed using the energy efficiency (EE) and renewable energy (RE) strategies. In 
year 2036, 30% reduction of the energy intensity is proposed with the 25% 
enhancement of the renewable energy to substitute fossil fuel consumption during year 
2012 to year 2021 (EPPO, 2015). 
 
According to Ministerial Regulation (2009), the Building Energy Code (BEC) has been 
released to control the energy consumption and increase the energy efficiency in 
building sector. Construction or modification of nine building types, which have the 
total area in all stories in the same building from 2,000 m2 and more, must be designed 
for energy conservation. Regarding the prescribing type of building for energy 
conservation, condominium is categorized in group 3, 24 hours occupancy. The 
standard and criteria are stated for three main building systems: building envelope 
system, lighting system, and air conditioning system, must comply with the mandatory 
requirements. However, the strategies are mostly rely on energy efficient products. 
 
Meanwhile in private sector, the Thai Green Building Institute (TGBI) has launched 
the Thai green building assessment criteria. The total registered projects are 76 projects 
(updated on August 4, 2017). Only three residential building, condominium, were 
registered which have not certified (TGBI, 2011). Moreover, these 3 projects are 
categorized in a high class to luxury condominium (120,000-160,000 THB/m2). 
 
In addition, there is an encouragement for the green building construction. In any 
project developers decide to follow the green building construction concept which 
approved by the TGBI and defined by the regulation of the energy conservation 
encouragement, those project can receive the special privileges or Floor Area Ratio 
(FAR) bonus according to its level. Each level can be clarified as follows (arrange from 
lowest to the highest levels): 1) The certified level, the FAR bonus is up to 5% of the 
restricted FAR, 2) The silver level, the FAR bonus is up to 10% of the restricted FAR, 
3) The gold level, the FAR bonus is up to 15% of the restricted FAR, and 4) The 
platinum level, the FAR bonus is up to 20% of restricted FAR. 
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However, Thai green building criteria is being used by the small group of people who 
involves in the field of sustainable building. The real estate entrepreneurs have less 
concerns on green building evaluation due to the barrier of complication in criteria and 
the investment in energy efficient technology is generally higher per square meter. 
 
1.1.3 Urbanization and Vertical Living 
From the prediction of the United Nations, Population Division (UNPD), the world’s 
population will rise from 7.3 billion in year 2015 to 9.7 billion in year 2050 (UNPD, 
2015). Approximately 66% of the population will be living in the urban areas (UNPD, 
2014). The rapid increase of the industrialization and the activities of the population 
affect and contribute to air pollution and deteriorating environment and climatic quality 
(Dimoudi, 1996b). 
 
In Thailand, 50% of the population live in the urban areas with the 3% of an average 
annual growth rate. Meanwhile, the population growth rate in the rural area declined by 
-2.1% (United Nations Statistic Division, 2015; 2016). Therefore, high-rise condominiums 
are an alternative solution to support the increasing of the density of population per 
square meter in the cities. 
 
The definition of condominium regarding the Condominium Act, B.E. 2552 (1979) is 
“the building where persons are able to hold ownership separately according to the 
section whereby each section consist of personal ownership in the property and joint 
ownership in common property”. The introduction of the first condominium in 
Bangkok was in the year of 1970. By that time, the rights of ownership seem to be the 
significant problems, thus the project became not much successful. 
 
Until the release of the Condominium Act in 1979 which devised the rules for 
development, management, and common property (Li-Zenn, 2015). Coupled with the 
introduction of the mass transportation: The Bangkok Mass Transit System (BTS) or 
commonly known as the Skytrain, The Metropolitan Rapid Transit or MRT Subway, 
and The Airport Rail Link (ARL), the condominiums supplies were built along the rapid 
transit lines which are the most efficient mode of transportation. 
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Condominium development trends in Thailand can be categorized into three categories 
(Li-Zenn, 2015). The first category is leaded by an urbanization. People migrate from 
the countryside into the cities. The transferal of the inner urban slum residents to suburban 
low-cost condominium organized by Thailand National Housing Authority. The second 
category is affect by the social change. The number of people in the family living in 
one area has been reduced. The new generations move out from their parents’ home to 
settle up their own family or move to live near their working place in order to avoid bad 
traffic in the city. The third category is the development housing for expatriates who 
move to work in Thailand or bought a condominium as an investment which foreigners 
could buy rooms in condominiums up to 40% of the total unit in that building.  
  
According to the urbanization, social change, and the development of housing for 
foreign expatriates in Bangkok, the capital of Thailand, the condominium demand has 
been on a rising trend. The condominium supply has possessed the highest share of 
65% among the real estate market, followed by townhouse and single detached house 
with a share of 22% and 13% respectively (Plus Property, 2016). The blooming of 
condominium has led to the increasing in the energy consumption since the air 
conditioning system plays the major role in enhancing occupants comfort condition.  
 
1.1.4 Climate and Thermal Comfort of Building Occupants 
According to the definition of hot-humid stated by the U.S. Department of Energy 
(2017), a hot-humid climate refers to a region that receives more than 500 mm of annual 
precipitation and has a wet bulb temperature of 19.5ºC or higher for 3,000 hours or more; 
or has a wet bulb temperature of 23ºC or higher for 1,500 hours or more during the 
warmest 6 consecutive months of the year. Meanwhile in Thailand, mean monthly 
rainfall and average monthly wet bulb temperature are shown in Figure 1.6 and Figure 
1.7 (Meteorological Department, 2013; 2014), respectively. In Thailand, the country 
receives 1,588 mm of annual precipitation and has a wet bulb temperature higher than 
23ºC for most of the year. Regarding the high temperature for all year coupled with 
high precipitation, the country is categorized in a hot-humid climatic region. 
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Figure 1.6 Mean monthly rainfall in Thailand 1981-2010 (Meteorological Department, 
2014). 
 
 
Figure 1.7 Average monthly wet bulb temperature in Thailand 2011-2013 
(Meteorological Department, 2013). 
 
 
Note: Tomax is maximum outdoor air temperature, Toav is average outdoor air temperature,  
Tomin is minimum outdoor air temperature 
Figure 1.8 Average mean dry bulb temperature and comfort zone in Bangkok 2004-
2013 (Meteorological Department, 2013). 
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Bangkok is located between 13º45’ North Latitude and 100º35’ East Longitude. As in 
a typical hot-humid climatic region, people experience high air temperature and high 
humidity for most of the year. The average mean dry bulb temperature ranges from 
28ºC to 30ºC and relative humidity ranges from 70% to 76%. Natural wind speed is 
low with its annual average at 1.0 m/s (Meteorological Department, 2013). Since these 
weather conditions are mostly outside thermal comfort zone, see Figure 1.8, people 
usually enhance their comfort by using an air conditioning systems (A/C), especially 
during the hottest months around April and May. 
 
It is therefore necessary to examine thermal performance of a high-rise condominium 
unit in Bangkok and also propose the initial design modification based on passive 
strategies with active system in order to improve indoor thermal comfort and reduce 
cooling energy consumption. The objectives of this dissertation are described in the 
next section. 
 
1.2 OBJECTIVES 
This research goal is aimed at evaluate thermal performance along with cooling energy 
consumption and propose the high-rise condominium unit design modification based 
on the integration between passive cooling design approaches and the additional of 
active system in the urban area of Bangkok, Thailand. Adaptive thermal comfort is 
derived as a tool for evaluation. The study is mainly divided into two major parts: the 
first part is based on the field investigated results of the typical condominium unit, and 
the second part is based on the computer simulation results. The objectives of the study 
are described as follows; 
 
1) To accumulate the passive cooling design and active cooling design strategies for 
hot-humid climatic region. The integration between passive cooling strategies with 
active system are devised to enhance the occupant thermal comfort. 
2) To study the adaptation of building occupants towards the use of controls: opening 
windows and applying air conditioning system, and to evaluate indoor thermal 
environments of the existing condominium unit using the field investigation. The 
adaptive thermal comfort method is derived for the analysis. 
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3) To evaluate the thermal comfort under different integrated techniques between 
passive design strategies with active system, derived from the objective 1, by using 
computer simulation tool, EnergyPlus version 8.4, in order to propose the design 
modifications. The cooling energy saving is also estimated. 
 
1.3 SCOPE AND CORE ELEMENT OF STUDY 
Adaptive thermal comfort was adopted as the assessment criteria of the building 
occupants in the urban area of Bangkok, Thailand. The highest demanded one-bedroom 
condominium unit, the worst-case scenario for thermal performance, was selected for 
indoor thermal comfort and cooling energy evaluation. The field investigation was 
conducted in the hottest season during May 9 to June 8, 2015. The room conditions 
during the field investigation was devised based on the occupant behavioral adaptation 
towards thermal comfort: opening windows and applying air conditioning system. The 
investigated results were validated by the simulation tool. The parametric study on 
factor related to indoor environmental temperature was conducted in order to integrate 
the best performance strategies. Finally, the indoor thermal comfort and cooling energy 
evaluation were conducted to evaluate the integrated passive design strategies with 
active system. Total cooling energy per unit of floor area was also estimated. Flow 
diagram of the study is shown in Figure 1.9. 
 
 
Figure 1.9 Flow diagram of the study. 
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1.4 DISSERTATION OUTLINE 
This dissertation consists of seven chapters. It begins with the Chapter 1. The holistic 
view of the background and problem statement are described. The research objectives, 
scope and core element of study are given to illustrate the main concept of research. 
 
Chapter 2 is the review of literatures related to the dissertation. The fundamental 
techniques related to the two main streams of cooling strategies, passive and active 
cooling strategies, in hot-humid climatic region are illustrated. The additional of 
cooling techniques contribute to occupant thermal comfort along with the methodology 
of thermal comfort and cooling energy evaluation are also given in details. 
 
Chapter 3 contains the analysis of the representative sample towards the regulation 
and scope of the study. The physical characteristics of a typical unit are explained. 
Thermal properties of materials can be further used in the numerical modelling and 
simulation in Chapter 5 and Chapter 6. Moreover, the behavioral adaptations of 
occupants in residential unit towards thermal comfort are also described. The pattern of 
behavioral adaptations will be used as a set-up condition during the filed investigation 
which is described in the previous chapter. 
 
Chapter 4 mainly describes the field investigation in a typical unit. Parameters and 
measuring devices including the installation regarding the international standard are 
described. The hypothetical set-up conditions during the investigation are derived from 
Chapter 3. The results related to thermal comfort and cooling energy consumption 
together with theoretical evaluation methods are reported and discussed in order to 
emphasize the conclusions. 
 
Chapter 5 mainly describes the numerical modelling and simulation for calibration.  
The simulated results, from EnergyPlus version 8.4, are first calibrated by comparing 
with the investigated results. Details of the calibration approach and limitation are 
described in details. The calibrated model will be used as the initial model for 
parametric study in Chapter 6. 
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Chapter 6 contains of the parametric study on factors that have an influence on indoor 
thermal environment using EnergyPlus simulation program. The calibrated model from 
Chapter 5 is used as the initial model to perform design day simulations in which 
passive cooling strategies with active system are applied. Thermal comfort potentials 
and cooling energy of the integrated passive design with active system are determined. 
 
Chapter 7 finally concludes the results derived from this dissertation. The guideline of 
design modification regarding indoor thermal comfort enhancement and cooling energy 
saving are described. Further recommendations are also given for the future study. 
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CHAPTER 2  
REVIEW OF LITERATURE 
 
The fundamentals of passive and active cooling are described in this chapter. In hot-
humid climate, cooling strategies contribute to thermal comfort are different from other 
climatic regions. Thus, the most effective strategies are illustrated. The adaptive 
thermal comfort and cooling load caused by ventilation are also described in details. 
 
2.1 FUNDAMENTALS OF PASSIVE AND ACTIVE COOLING 
The definition of passive cooling and active cooling are given. The design approaches 
for sustainable building, main design concept of passive system, and the basic 
component of active cooling system are illustrated. 
 
2.1.1 Passive Cooling 
Passive cooling approach is the design method that involves the use of natural 
phenomena: conduction, convection, and radiation, for indoor cooling purpose without 
using any electrical or mechanical devices (Cook, 1989; Dimoudi, 1996a). It’s also 
involves several heat sinks and a wide variety of bioclimatic practices in building design 
(Cook, 1989). In some context, the term “Passive” include the use of a fan or a pump 
when those applications could help increase the performance (Givoni, 1994). 
 
The three main cooling strategies of passive cooling can be described as follows 
(Dimoudi, 1996a): 1) prevention of external and internal heat gains in the building, 2) 
modulation of heat gains by using materials with high thermal storage which provides 
an attenuation of peaks in internal temperatures, and 3) rejection of heat from the 
interior of the building to natural heat sinks or hybrid cooling. In order to achieve 
thermal comfort in a sustainable approach, the three-tier design approach should be 
considered, see Figure 2.1 (Lechner, 2015). 
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Figure 2.1 The three-tier design approach to achieve sustainable building and thermal 
comfort (Lechner, 2015). 
 
The first tier is heat avoidance strategies to minimize the heat gain in the building and 
also control of the internal heat sources. But only heat avoidance is not sufficient 
enough to provide thermal comfort, the strategies of passive cooling should be adopted 
as a second tier. Passive cooling system helps reduce the indoor temperature and also 
expand the comfort zone to higher temperatures. However, the combination strategies 
between heat avoidance and passive cooling is still not sufficient to maintain thermal 
comfort in many climatic regions, the third tier of mechanical equipment is required. 
 
2.1.2 Active Cooling 
Active cooling system or an air conditioning system is composed of components and 
equipment arranged in sequence to control and maintain the indoor environment 
parameters such as temperature, humidity, air movement, and air quality, which 
consumes significant amount of energy (Balarus, 1996; Wang, 2000). It generally 
consists of electricity powered vapor compression refrigeration equipment to provide 
the conditioned space (Wang, 2000; Bhatia, 2013). The vapor compression refrigeration 
cycle can be shown in Figure 2.2 (Lechner, 2015). 
 
The compression refrigeration machine is composed of evaporator coil and condenser 
coil. From the Figure 2.2, the expansion valve is slightly opened, the cold and low 
pressure liquid refrigerant can enter to the evaporator coil at point C. When the pressure 
is reduced, the boiling point of the refrigerant is also reduced. The refrigerant 
evaporates by changing state from liquid to gas. In this process, the liquid will require 
the large amount of heat called heat of vaporization. Therefore, the evaporator coil gives 
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up the sensible heat to allow the liquid refrigerant to change into a cold low pressure 
gas at point D. Then, the compressor pumps the refrigerant gas back into the condenser 
coil under high pressure at point A. As the condenser coil loses heat, the hot high 
pressure gas gives up its heat vaporization and condense. The hot high pressure gas will 
change to the warm and high pressure liquid at point B. Heat transfer by cooling system 
are shown in Figure 2.3 (Lechner, 2015). 
 
 
Figure 2.2 The basic component of a compression refrigeration cycle (Lechner, 2015). 
 
 
Figure 2.3 Heat is transferred by cooling system (Lechner, 2015). 
 
In Thailand, the independent air conditioning systems are widely used in the 
condominium unit. The benefit of the small, independent air conditioning systems is 
easily installation, quickly in selected the conditioned spaces with small cooling loads 
ranging between 9000 to 25,000 Btu/hr (Balarus, 1996). For the cooling purpose, heat 
from the rooms is transferred to the refrigeration machine and from there to the heat 
sink which is usually the outdoor air. 
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2.2 PASSIVE COOLING APPROACHES IN HOT-HUMID CLIMATIC REGION 
Climate is one of various parameters that affected the thermal behavior of buildings. It 
is not subject to human control. Thus, it is one of the challenges for selecting the 
appropriate cooling strategies that compatible with building’s climate. The concept of 
bioclimatic design or design with climate is adopted as the initial concern for design 
practice. In hot and humid climates, minimizing solar gain and maximizing ventilation 
are the main desirable strategies that is effective in occupant thermal comfort (Dimoudi, 
1996b; Dekay & Brown, 2014). Regarding the passive cooling strategies (Cook, 1989), 
passive cooling techniques can be classified as follows, see Table 2.1. 
 
Table 2.1 Passive cooling techniques classified by strategies (Cook, 1989). 
Prevention of heat gain Modulation of heat gain Heat rejection 
- Solar shading - High thermal storage - Cooling with ventilation 
- Vegetation   (high thermal mass) - Radiative cooling 
- Evaporation  - Evaporative cooling 
- Thermal Insulation  - Earth cooling 
- Light color   
- Efficient appliances   
 
According to the passive cooling techniques classified by three main strategies: 
prevention of heat gain, modulation of heat gain, and heat rejection from indoor spaces, 
The effective strategies for hot-humid climate are 1) minimizing heat gain and indoor 
air temperature and 2) lower indoor air temperature. In order to minimize heat gain and 
indoor air temperature for high-rise condominium in hot-humid climate, the effective 
techniques are applying solar shading, thermal insulation, and light color on the exterior 
walls. Moreover, applying thermal mass or high thermal storage also help reduce heat 
gain during daytime. In order to achieve the lower indoor air temperature, cooling with 
ventilation: natural ventilation and mechanical ventilation, should be applied. In this 
Chapter, the main desirable strategies for high-rise condominium in hot-humid climate 
are described below. 
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2.2.1 Solar Shading Strategies 
Sun-earth movement also has an effect towards the efficiency of shading devices. In 
one year, the different location of the sun in the sky varies with the seasons, see Figure 
2.4. The earth is tilted 23.5 degrees on its axis and orbits around the sun. Bangkok is 
located in the Northern hemisphere (13º45’ North Latitude), between the equator and 
the tropic of cancer. The Northern Hemisphere faces the sun in June which the extreme 
conditions occur on June 21 or it is known as the summer solstice. On June 21, the sun’s 
rays are perpendicular to the earth’s surface along the tropic of cancer. As a result, 
daytime is longer than nighttime. 
 
 
Figure 2.4 Sun-earth movement (Dimoudi & Mantas, 1996). 
 
On September 21 and March 21, the sun is directly overhead on the equator which is 
also known as the fall and spring equinox respectively. Daytime is equal to nighttime. 
On December 21, the sun’s rays are perpendicular to the Southern Hemisphere along 
the Tropic of Capricorn which is known as the winter solstice. As a result, daytime in 
the Northern Hemisphere is shorter than nighttime. 
 
In the tropical climatic region, solar shading is relevant to thermal performance of 
buildings and energy consumption from air-conditioning system. The study of Kumar, 
Garg, and Kaushik (2005) found that solar shading can decrease the indoor temperature 
by 2.5ºC to 4.5ºC, unlike other solar passive cooling techniques such as the insulation 
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and air exchange rate implementation. Similarly to Kamal (2010), the total cooling load 
of the air conditioned building can possibly reduce by 7% when a more efficient 
shading strategy is implemented. 
 
The main objectives for shading application are described as follows (Dimoudi & 
Mantas, 1996): 1) obstruction of the direct solar heat gains from reaching the envelope 
and the internal space, 2) non-interference with solar gain in the winter, 3) control the 
intense daylight especially during the summer months, 4) not to restrict view from the 
windows, and 5) admission and regulation of the ventilation of adjacent space. The 
main characteristic of shading devices are shown in Figure 2.5. 
 
 
Figure 2.5 Fixed shading devices (adapted from Hoke, 1988). 
 
For a high-rise residential in the tropical region, the obstruction of the direct sun light 
is the essential strategy that should be concerned from the primary state of building 
design. Another key issue is not to obstruct the pleasant scenery view from the windows 
(Niu, 2003). Since the view from the room is regarded as the additional market value 
by both the developer and the buyers, as a result, a single large horizontal overhang and 
a vertical fin are the best choice for implementing the exterior shading devices. 
 
2.2.2 Induced Ventilation Strategies 
For maximizing room’s ventilation, the wind driven strategy is used. Cross and stack 
ventilation are the primary strategy since the humid climates profoundly depend on 
ventilation for cooling. Cross ventilation shows the highest effective compared to single 
sided ventilation and ventilation from windows on adjacent walls, see Figure 2.6 
(Lechner, 2015). 
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Figure 2.6 Cross, two adjacent-sided, and single-sided ventilation (Lechner, 2015). 
 
 
Figure 2.7 Ventilation enhancement by wing walls (Givoni, 1968 as quoted in Chandra, 
1989). 
 
However, wind driven from single sided ventilation can be enhanced by providing wing 
walls as shown in Figure 2.7 (Givoni, 1968; 1976). Givoni found that wing walls create 
distinct positive and negative pressure on the windows (windward wall) inducing an 
average room air speed of 40% of outside wind. Furthermore, the entire 140º sector 
winds are the effective range of wing walls on natural ventilation. 
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For stack ventilation, beside cross ventilation, the convection arises due to the density 
of air decrease with temperature. This effect is usually practiced in hot and arid climates 
(Baer, 1983; Crowther, 1980 as quoted in Chandra, 1989). The stack effect is enhanced 
by placing high outlets and low inlets. The high outlets is always under suction 
compared to the inlets. Otherwise, a wrong wind direction can introduce the hot stack 
air into the room. Moreover, the stack effect is weak, thus fan-forced ventilation tends 
to be the only alternative for providing airflow (Chandra, Fairey, & Houston, 1983 as 
quoted in Chandra, 1989). 
 
From the study on enhancing natural ventilation through the use of ventilation shafts in 
high-rise residential buildings in Bangkok (Prajongsan & Sharples, 2011), the results 
showed that the ventilation shafts gave an effective performance by increasing indoor 
air velocity. This is especially true when external wind speed were above 1 m/s. They 
also found that the air is driven mainly by the wind-pressure difference between the 
outlet and the inlet which is superior to stack effect ventilation. 
 
In addition, when the ventilation shaft is used, external air can enter the single sided 
room in a greater distance than the room without any enabling strategies, see Figure 2.8 
(Prajongsan & Sharples, 2011). At the same time, external warm air is also brought into 
the room and heat the internal air and room’s surfaces which contributes to thermal 
discomfort and cooling load. 
 
 
Figure 2.8 Wind-induced strategy of the ventilation shaft (Prajongsan & Sharples, 2011). 
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However, the indoor air movement is still required. When the humidity is high, the 
higher wind speed increases heat losses from the body and the rate of sweat evaporation 
from the skin, thus reducing the discomfort resulted from skin wetness and producing 
a physiological cooling effect (Givoni, 1994; Szokolay, 2008). The outdoor air velocity 
higher than 1 m/s is required to produce indoor air velocity over 0.2 m/s (Prajongsan & 
Sharples, 2011) which is the minimum value for creating a cooling effect based on 
Szokolay’s model (Szokolay, 2008), see section 2.6 Thermal Comfort. 
 
2.3 ACTIVE COOLING APPROACHES WITH DEHUMIDIFICATION 
CONTROL 
In a typical air conditioning system, the process of cooling, dehumidification and 
filtration performed mainly by fan coils. The main processes can be categorized as 
follows: temperature control and humidity control. Temperature control is done by 
passing the air through the cooling coil. Humidity control is done by controlling the 
amount of water vapor present in the air in the space. The dehumidification methods 
which is commonly used in the process of air conditioning system are 1) surface 
dehumidification on cooling coils simultaneous with sensible cooling and 2) direct 
dehumidification with desiccant-based dehumidifiers (Bhatia, n.d). 
 
2.3.1 Psychrometric Processes: Cooling with Dehumidification 
The cooling and dehumidifying process of an air conditioning system can be described 
using psychrometric chart, see Figure 2.9. 
 
 
Figure 2.9 Schematic Psychrometric processes of cooling and dehumidifying 
(Gladstone & Bevirt, 1996). 
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In the air conditioning system, air is cooled by passing through the cooling coil which 
the surface temperature is below the dew-point temperature of water vapor in air. When 
the air is cooled below the dew-point temperature, water will condense and be drained 
out from the cooling coil.  
 
Cooling with dehumidification process is used in air conditioning systems operating in 
hot and humid climates. The process includes both sensible and latent cooling. Dry bulb 
temperature of the incoming air stream entered cooling coil is decreased in the cooling 
process. The relative humidity increases while the humidity ratio decreases which 
causes a moisture to condense in the dehumidifying process. The exiting air stream is 
at a lower temperature and humidity ratio than the incoming air stream, thus the 
enthalpy decreases. 
 
2.3.2 Chemical Dehumidification 
The process of chemical dehumidification, a desiccant or usually silica gel, is different 
from dehumidification with the use of cooling coils. When air is brought into contact 
with a desiccant, the air will become drier due to the desiccant adsorbed the water vapor 
molecules. Then, the heat of condensation will enter the air stream which results in 
increased air temperature. This process is heating and dehumidification using in warm 
humid climate. 
 
2.4 MIXED MODE VENTILATION 
In hot-humid climate, natural ventilation is ineffective to be used for all day especially 
during the extreme weather conditions of summer. The temperature difference between day 
and night are small. Supplement the natural ventilation by mixed mode with mechanical 
ventilation can be an appropriate choice to control the indoor environment conditions. 
 
Mechanical ventilation use fans or blower to provide the air movement when natural 
ventilation is insufficient. It is less susceptible to sudden changes in ambient weather 
conditions, also predictable in its operation and the airflows are controlled. Mixed mode 
ventilation can be categorized by the operation of fan which can be described below, 
see Figure 2.10 (Bhatia, 2013). 
23 
 
   
Mechanical air supply and 
natural exhaust 
Natural air supply and 
mechanical exhaust 
Mechanical air supply and 
mechanical exhaust 
Figure 2.10 Mixed mode ventilation categorized by the operation of fan (Bhatia, 2013). 
 
The first mode is mechanical air supply with natural air exhaust or supply only. The air 
is supplied by mechanical fan. The air exhaust occur naturally through the windows, 
shafts or ventilation openings. It is resulted in positive pressurization of room. 
Meanwhile in natural air supply with mechanical air exhaust or extract only, the air is 
exhausted by mechanical fan which creates negative pressure in the room. This type of 
mixed mode ventilation is mainly use in residential buildings. Lastly, mechanical 
supply and exhaust or supply and extract modes, the air is supplied and exhausted using 
the mechanical fan. This type of ventilation provides a good control of pressurization 
of the room, the possibility of pre-cooling of the air supply and the possibility of 
dehumidify of the air supply. For the highest performance of mixed mode ventilation, 
the building has to be sufficiently airtight. This system is a passive cooling approach in 
terms of cooling sources. However, it is not a totally passive cooling approach due to it 
still relies on the electricity driven mechanical fans for ventilation.  
 
2.5 RADIANT COOLING SYSTEM 
Heat loss from radiation has the most influence on heat loss of human’s body in order 
to remain the state of comfort as shown in Table 2.2 (Uschwa, 1989 as quoted in Feustel, 
1993). Consequently, radiative cooling is an alternative strategy to increase occupant 
thermal comfort. 
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Table 2.2 Heat loss of a human body (Uschwa, 1989 as quoted in Feustel, 1993). 
Type of heat loss Percentage Type of heat loss Percentage 
Radiation 40% to 50% Respiration 6% to 10% 
Convection 20% to 26% Excretion 6% 
Evaporation 18% to 20%   
 
 
 
Figure 2.11 Heat transfer in radiant cooling system. 
 
A radiant cooling system is defined as a system with a temperature controlled surface 
that removes sensible thermal loads from a space where at least 50% of the heat transfer 
takes place by radiation (Kim & Olesen, 2015). The system is made up of cooling panels 
installed on the ceiling, or wall which is supplied by the cooling water. The cooling 
panels absorb heat through a combination effect of radiation and convection as shown 
in Figure 2.11. 
 
The radiation heat transfer does not affect the room air temperature directly. The 
surrounding surfaces included the occupants are cooled by the long wave radiation as 
the heat radiate to the cool panel. The room air convects heat to the cooling panels 
which produce the convection heat transfer within the room. The rate of radiant energy 
transfer depends on the following factors: 1) temperature of the radiating surfaces and 
the receivers, 2) emissivity of the radiating surfaces, and 3) reflectance, absorptance and 
transmittance of the receivers and viewing angle of the occupant to the radiant sources.  
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In general, a radiant cooling system is used with a displacement ventilation where the 
air from outdoor is introduced into a room at low volume flows driven by natural 
phenomena to replace the existing indoor air. According to the study on the effect 
between humidity and air movement on thermal comfort under a radiant cooling ceiling 
(Kitagawa, Komoda, Hayano, and Tanabe, 1999), small air movement had a tendency 
to feel approximately one scale cooler than still air conditions. Since the radiant cooling 
system removes the sensible heat load only, the outdoor air intake should be 
dehumidified in order to reduce latent heat load. 
 
The important comfort factors in the radiant cooled spaces is the air temperature and 
humidity. The radiant cooling capacity will be limited to avoid the problem of 
condensation on the radiant surface. To employ radiant cooling in hot and humid 
climate, avoiding condensation is the significant issue that should be concerned. The 
temperature of cooling water supplied to the radiant panel must not be lower than dew 
point temperature of air. Vangtook and Chirarattananon (2005a) did an experiment 
study using radiant panels which were placed on the middle of ceiling and on the opaque 
wall under the glazed window as shown in Figure 2.12.  
 
 
Figure 2.12 Radiant cooling panel installation (Vangtook & Chirarattananon, 2005a). 
 
The mock-up unit comprised of six opaque wall sections with the different thermal 
resistances and thermal capacitances. Western façade consisted of 55% of glazing 
window area with an exterior board which was placed at 10 cm from the window 
glazing to block sun and sky radiation and also allowed air to flow through. The north 
and south facades comprised 8 cm brick walls plastered with cement mortar on both 
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surfaces with the fiber glass insulation and gypsum board. Most of wall sections on the 
east façade did not have insulation. The experimental room was equipped with a fan coil 
unit with cooling capacity of 3.5 kW. The air was re-circulated at a rate of 11.3 CMM. 
The additional outdoor air intake, ventilation air, was brought in and out of the room 
by a fan with the flow speed varied from 0 m/s to 0.3 m/s. For pre-cool the ventilation 
air, the additional cooling coil was also equipped. The cooling capacity of the additional 
cooling coil is 0.5 kW. Thermostat was used to control the flow of chilled water through 
the coil. The cooling capacity per area is limited to about 40 W/m2 in order to avoid 
condensation of air moisture on the panel and the consequential limit on the temperature 
of supply cooling water to 24°C to 25°C. 
 
This radiant cooling concept is derived from the active approach strategies. 
Alternatively, instead of using chilled water, cooling water obtained from cooling tower 
can also be used when a space with low heat gain needs to be cooled and when cooling 
need to be applied for a length of time. No active cooling is required (Vangtook and 
Chirarattananon, 2005b). The results confirm that radiant cooling can be used to achieve 
thermal comfort in hot and humid climate. In some cases, cooling panels are insufficient 
to reduce air temperature, but they help reduce radiant temperature. The cooling tower 
could be used to provide cooling water for radiant cooling and for pre-cool ventilation 
system to achieve adaptive thermal comfort for residential households which required 
the cooling need for a length of time. In addition, pre-cool ventilation air with cooling 
water generated from active cooling help achieve thermal comfort superior to the case 
of conventional air conditioning. 
 
Takahashi, Tsuji, and Itou (2013) also conducted the similar system, the combination 
of pre-cooling of ventilation air and radiative cooling using well water. Well water was 
pumped from a well and supplied into the fan coil unit. An outside air intake was cooled 
by well water supplied the fan coil unit. In the same time, well water absorbed heat 
from outside air and its temperature became high, thus moisture condensation did not 
occur on wall surfaces. Moreover, well water supplied from fan coil unit was injected 
to a radiative cooling wall. 
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As a result, the convective cooling of ventilation air and the radiative cooling occurred 
without the moisture condensation upon interior surfaces. The results showed that 
indoor air temperature had been kept less than 30.8°C during summer even the highest 
outdoor air temperature reached 38°C. In the case that radiative cooling and pre-cooling 
of ventilation air were employed from 12:00 to 15:00, the electricity consumption per 
day for the space cooling was equivalent to 21.6% of the electricity use of air 
conditioners with set point temperature 29°C. These can also insist that a radiative 
cooling integrated with the pre-cooling of ventilation air help enhance the thermal 
comfort in a hot and humid climate without moisture condensation problem. The energy 
consumption from air conditioning system can be significantly reduced. 
 
2.6 THERMAL COMFORT EVALUATION 
In order to determine the adaptive indoor thermal comfort, theoretical calculation of 
comfort zone and environmental temperature is adopted. 
 
2.6.1 Comfort Zone 
People experience comfort sensations under the neutral temperature which derived from 
the adaptive model of comfort correlations (Auliciem, 1981; Auliciems & Szokolay, 2007) 
to determine the comfort zone as shown in equation 2.1. 
 
  
oavn
TT  31.06.17                       [Eqn. 2.1] 
 
Where Tn is thermal neutralities or neutral temperature (ºC); Toav denotes the average 
outdoor air temperature (ºC). The range of comfort zone is between Tn ± 2.5ºC. In the 
tropical climate zone, the upper relative humidity (RH) limit of 80% (Szokolay, 2008) 
and the lower absolute humidity (AH) limit of 4 g/kgdry air (Khedari, Yamtraipat, Pratintong, 
& Hirunlabh, 2010) are considered as a comfort environment. The combination effect 
of temperature and humidity is defined by Gagge, Fobelets, and Berglund (1986) as 
standard effective temperature (SET). In this study, the standard effective temperature 
is obtained from plotting on the psychrometric chart with SET lines superimposed 
(Szokolay, 2008). 
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In addition, the increasing of indoor air movement also has an effect towards the 
thermal comfort. The upper temperature limit can be extended due to the increasing of 
convective heat transfer and evaporative heat loss from human skin. The cooling effect 
of air movement is given by equation 2.2 (Szokolay, 2008). 
 
                  26.16 ee VVdT                   [Eqn. 2.2] 
 
Where dT is the cooling effect of air movement (ºC); Ve denotes the effective air 
velocity (m/s) which Ve = V – 0.2 and V is air velocity (m/s). This expression is valid 
up to 2 m/s which is the applicable maximum indoor wind speed. Thus, the extension 
of the upper temperature limit (Tu(v=x)) is given by equation 2.3. 
 
 )()( 5.2 xvnxvu dTTT                    
 26.165.2
een
VVT    [Eqn. 2.3] 
 
In a hot and humid climate of Thailand, people feel comfort at the temperature of 25°C 
with the range of 22.5°C to 27.5°C for air conditioned building and 28.0°C with the 
range of 25.5°C to 30.5°C for natural ventilation building (Rangsiraksa, 2006). Similar 
to the study of Busch (1991), the comfort temperature of Thai people is 28°C and 31°C 
for air conditioned building and natural ventilation building respectively. 
 
2.6.2 Environmental Temperature 
Similar to air temperature, humidity, and air velocity, Mean radiant temperature (MRT) 
also has an influence on the thermal comfort. It is the result of an average internal surface 
temperature. When mean radiant temperature is lower than indoor air temperature, 
radiation is emitted to the surrounding surfaces, which is cooler. Mean radiant temperature 
can be measured using equation 2.4 (Szokolay, 2008). 
 
    VDBTVGTMRT  35.235.21             [Eqn. 2.4] 
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Where GT is globe temperature (ºC); V denotes air velocity (m/s); DBT is dry bulb 
temperature (ºC). In addition, a composite of mean radiant temperature and indoor air 
temperature has resulted in environmental temperature (EnvT), which is used to 
describe the heat exchange between the environmental point in a room and the internal 
surfaces. Environmental temperature is given by equation 2.5 (Szokolay, 2008). 
 
DBTMRTEnvT 
3
1
3
2
        [Eqn. 2.5] 
 
In hot and humid climatic region, differ from cool climatic region, the effect of mean 
radiant temperature is twice as significant as dry bulb temperature. Reducing indoor 
surface temperature can be the alternative strategies to achieve thermal comfort and 
reduce cooling load from air conditioning system. 
 
2.7 COOLING LOAD CAUSED BY VENTILATION 
 
Total sensible cooling load from heat gain is determined by a cooling load calculation. 
According to the American Society of Heating, Refrigerating and Air-conditioning 
Engineers (ASHRAE), the source of heat gain can be categorized as follows (ASHRAE, 
2013a): 1) through opaque surfaces of walls, floors, ceilings, and doors, 2) through 
transparent fenestration surfaces of windows, skylights, and glazed doors, 3) caused by 
infiltration and ventilation, and 4) because of occupancy. In this study, the total heat 
transfer rate caused by ventilation from the air conditioning system is studied. The 
theoretical calculation method is derived from ASHRAE (2013a). 
 
In common air conditioning process, heat is extracted from the air to produce cooling 
effect. The amount of heat in moist air or the specific enthalpy (h) in kJ/kgdry air is 
defined in equation 2.6. 
 
 DBTWDBTh  86.12501006.1       [Eqn. 2.6] 
 
Where DBT is dry bulb temperature (ºC); W is the humidity ratio (kg/kgdry air). The 
humidity ratio can be calculated as expressed in equation 2.7. 
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


 621945.0                          [Eqn. 2.7] 
 
Where w is partial pressure of water vapor (kPa);  denotes total pressure which is 
101.325 kPa. Partial pressure for the temperature range of 0 to 200ºC is estimated by 
using relative humidity () data which is expressed by equation 2.8. 
 
TCTCTCTCC
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C
ws
lnln
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3
12
2
11109
8    [Eqn. 2.8] 
 
Where C8 is -5.8002206E+03; C9 is 1.3914993E+00; C10 is -4.8640239E-02; C11 is 
4.1764768E-05; C12 is -1.4452093E-08; C13 is 6.5459673E+00; T denotes the absolute 
temperature (K = ºC + 273.15). For split system air conditioner, one hundred percent 
of recirculated air is used for cooling, the air enthalpy difference between room air 
temperature and at the air conditioner outlet is used in the total heat transfer rate 
calculation. Total heat transfer rate caused by ventilation from air conditioning 
processes is given by equation 2.9. 
 
                         hQCq
tt
                                     [Eqn. 2.9] 
 
Where qt is total heat transfer rates (W); Ct denotes air total heat factor which is 1.2 
W/(L∙s) per kJ/kg-enthalpy at the sea level; Q is air volumetric flow rate (L/s); Δh is air 
enthalpy difference across process (kJ/kg). The results of cooling load per unit of room 
area (J/m2) will be compared. 
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CHAPTER 3 
PHYSICAL CHARACTERISTIC OF CONDOMINIUM UNIT 
AND OCCUPANTS’ THERMAL ADAPTATION 
 
Condominium unit design according to the regulation and scope of the study, site 
selection, the physical characteristic of condominium in the urban area of Bangkok 
including the construction materials and building envelope are described in this chapter. 
The adaptation of building occupants towards indoor thermal comfort are discussed. 
 
3.1 Regulation and Scope of the Study 
According to the Thailand Ministerial Regulation No.55 (B.E. 2543) and Ministerial 
Regulation No.33 (B.E. 2535) issued under the Building Control Act, B.E. 2522 (1979), 
a high-rise building is defined as a multi-story building more than 23 m in height which 
can be occupied by human. The dimension from floor to the adjacent floor must not 
less than 2.6 m. The social and economic status affect directly to the building’s design: 
building envelope, room’s size, interior layout, green space, and communal area. 
According to the research of Think of Living (2017), the condominium segment can be 
categorized into 8 segments as shown in Table 3.1. 
 
Table 3.1 Condominium segment (Think of Living, 2017). 
Segment Price range (THB/m2)  Segment Price range (THB/m2) 
Ultimate 200,000 - upper  Upper class 80,000   - 100,000   
Super Luxury 160,000 - 200,000  Main class 60,000   - 80,000   
Luxury 130,000 - 160,000  Economy 45,000   - 60,000   
High class 100,000 - 130,000  Upper economy 30,000   - 45,000   
 
With the various characteristics of the condominium, the scope of study can be 
described as follows: 1) A high-rise condominium located in the urban area of Bangkok, 
2) One-bedroom unit with the occupied area between 30 to 50 m2. Target group of one-
bedroom unit is the people who start working or having a middle income, and 3) The 
target condominium is in the main to upper class segment with the price range between 
60,000 to 100,000 Baht/m2, see Figure 3.1. 
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Figure 3.1 Comparatives of sales rate in condominium by price range (Plus Property, 
2014; 2015; 2016). 
 
The condominium segments are categorized by selling price per unit area. Price per unit 
area is derived mainly from the building location, building structure and finishing 
materials, real estate company and target group, etc. From half-year research paper of 
Plus Property (2014; 2015; 2016a; 2016b), the price range between 50,000 to 99,999 
THB/m2, has possessed the highest shares in condominium market. The selected 
condominium segment for the study is in the main class to upper class condominium. 
 
3.2 Site Selection 
Urbanization, social change, and the development of housing for foreign expatriates, 
high-rise residential building become mature as an alternatives second or third home 
for the people living in the city. Coupled with the extension of mass transit system from 
inner to outer city, the condominiums market in Bangkok has growth rapidly. The 
highest completed condominium supply remains in the outer zone (Plus Property, 2015), 
which consists of Thonburi, Outer Sukhumvit, Nonthaburi, Minburi, Bangsue, Rama II, 
Suvarnabhumi, and Ramkamhaeng area. The selected area can be shown in Figure 3.2. 
 
As stated in the Bangkok comprehensive plan 2013, the selected condominium was in 
Thonburi area (brown zone), which is described as the very high density residential 
area. The accessibility from the mass transit system to the selected site is in the walkable 
range within 100 m from Wongwian Yai station, see Figure 3.3. The selected 
condominium for the investigation can be shown in Figure 3.4. 
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Figure 3.2 Bangkok land use zoning plan and the selected area (adapted from Bangkok 
Metropolitan Administration, 2013). 
 
 
Figure 3.3 Accessibility from mass transit system to the selected condominium. 
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Figure 3.4 Master plan and tower floor plan of the selected condominium. 
 
The selected high-rise condominium faces the main street on the north-east direction. 
The property provides a podium for the first 6 floors which the main function is the 
lobby and the parking spaces. For high-rise residential building, the benefits of 
arranging the residential unit on the building tower is to increase the privacy of 
occupant, to decrease the view-obstruction problem, and to reduce the effect of traffic 
noise and air pollution sources from the streets. From seventh to twentieth-seventh 
storeys are the residential unit which include the communal spaces such as a pool, a 
fitness, and a pocket park on seventh floor, eighth floor, and twentieth-seventh floor 
respectively. The building core is placed in the middle of the building which is 
connected to the double-loaded corridor. In general, the condominium is consisted of 
three types of room: studio type, one-bedroom unit, and two-bedroom unit. The 
majority type is one-bedroom unit. 
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3.3 Unit Type 
According to a survey of condominiums regarding scope of the study, twenty-three 
condominiums in the outer area of Bangkok had been studied. A representative sample of 
main class to high class condominiums, price range between 50,000 to 99,999 THB/m2 
in Bangkok’s outer area, were studied. It was found that the general condominium unit 
contains of three different types: studio type, one-bedroom unit, and two-bedroom unit. 
Room area ranges varied from 25 m2 to 35 m2 for studio type, 22 m2 to 60 m2 for one-
bedroom unit, and 45 m2 to 74 m2 for two-bedroom unit. From the study on type of unit 
in the selected group of condominium, the results showed that twenty-two condominiums 
contain of one-bedroom unit, twenty condominiums contain of two-bedroom unit and 
5 condominiums contain of studio types. From this survey, the majority type is one-
bedroom units which the target market is the starter or the middle income residents. 
 
The interior layouts of one-bedroom unit can be divided into three types classified by 
functional arrangement, see Figure 3.5. The first layout or layout A, a living room is 
placed next to the room’s entrance which the outside view is obstructed by other 
functions. Only glazed internal door is provided to introduce the natural light penetrated 
from the exterior window of the adjacent space to the interior door. The bedroom is 
placed beside the exterior wall which expose to the view. The kitchen or the pantry is 
placed near the balcony which allows the direct airflow into the kitchen, while airflow 
from bathroom depends on an exhausted fan. 
 
   
Layout A 
 
Layout B Layout C 
Note: LIV is living room; BED is bedroom; BAL is balcony; 
KIT is kitchen, DIN is dining room; WC is water closet. 
Figure 3.5 Typical one-bedroom unit layout.  
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The second layout or layout B is a flip between the locations of the living room and the 
kitchen from the first type. Airflow in the kitchen depends on an exhausted fan. The 
living room is placed near the balcony to obtain the outside view. The door for accessing 
the balcony can be operated to apply natural ventilation when living room is occupied. 
 
The third layout or layout C, the kitchen and the bathroom are placed on the exterior 
wall of the building. One-third of the exterior wall is the balcony which connect to the 
bedroom. Like the first layout, the living room view is obstructed by other functions 
and natural ventilation in the living room might not be able to introduce efficiently. 
 
According to the acceptable criteria for space and security of dwelling unit stated by 
the U.S Department of Housing and Urban Development (HUD, 2001), dwelling unit 
must have at least three spaces: living unit or bedroom, kitchen, and water closet. Living 
room refers to a room that is mainly used for relaxing, socializing, and entertainment. 
The general activities are performed in living room. From the analysis of unit layout, 
the functions in living room were contained of three functions: living area, kitchen area, 
and dining area. This blended spaces are less formal than the traditional living room 
which is defined as great room. HUD also states the acceptable criteria for illumination 
and electricity that living room must have at least one window. 
 
Meanwhile, the main function of bedroom is used as sleeping space with a closet or 
space for a closet or wardrobe cabinet and also has at least one window to provide an 
emergency exit, natural light, and ventilation (HUD, 1999; 2001). Bedroom should 
have the direct access to common area or living room. It should not be used as a 
transition space. In addition, Thailand Ministerial Regulation No.55 (B.E. 2543) issued 
under the Building Control Act, B.E. 2522 (1979) also states the space requirement for 
bedroom. The minimum width of bedroom is 2.5 m and must be larger than 8 m2. 
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According to the study on unit layout coupled with the requirement of living room and 
bedroom, layout B was selected as a typical layout for investigation. The field 
investigations were performed in 33 m2 of one-bedroom unit on 19th floor. The corner 
room facing south-west was selected in order to represent the worst-case scenario for 
indoor thermal performance. The typical unit layout is shown in Figure 3.6. 
 
The dimensions of one-bedroom unit are 5.4 m width x 5.6 m length x 2.4 m height 
(from floor to ceiling). Floor to floor height is 2.6 m. One-bedroom unit contains of two 
exterior window: one is sliding door for accessing from living room to balcony, and 
another one is the combination between fixed and casement windows which provides 
the outside view for bedroom. Since the selected unit is a corner room, the additional 
fixed windows exposed to the outside view are also provided. The balcony sizes are 0.9 m 
width x 3 m length. But almost half of the balcony space is used as housing space for 
condensing units. The rest of the balcony space is often used for hanging dry clothes. 
 
Living room consists of two exterior walls: one is south facing wall with 0.41 window 
to wall ratio (WWR), and another one is west facing wall with 0.13 WWR. Semi-
external wall facing north is connected to the public corridor which is an unconditioned 
space. For bedroom, there is only one side of the exterior wall with 0.53 WWR facing 
south. Two main functions, living room and bedroom, are separated by a 6 mm single 
glazed fixed window that provides the sense of connection between rooms. It also 
benefits for introducing daylight when the curtain or blinding is drawn back. 
 
The door and window opening, which are shown in Figure 3.7, can be categorized into 
three characteristics: 1) The window opening with the access to the balcony, 2) The 
window opening without the access to the balcony and 3) The interior window. These 
characteristics can be described as follows. 
 
1) The window opening with the access to the balcony. The dimensions (including 
frames and mullions) of the door for accessing the balcony are 1.6 m width x 2.0 m 
height. The door operation is a sliding door. Thus, the operable area is 1.6 m2 or 50% 
of the glazed door.  
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Sliding door with the access to balcony 
 
Interior window 
 
Window without the access to balcony 
Figure 3.7 Type of fenestrations and dimensions. 
 
2) The window opening without the access to the balcony. For living room, the dimensions 
of fixed windows are 0.6 m width x 1.9 m height and 0.4 width x 2.0 m height. For 
bedroom, the dimensions of the window are 2.5 m width and 1.6 m height. The window 
can be operated as a casement type with 1.1 m2 operable area or 28% of the glazed 
window. 
 
3) The interior window separates living room and bedroom. The dimensions of fixed 
window are 2.8 m width x 1.9 m height. 
 
3.4 Materials and Finishes 
Building envelope is the significant factor for a condominium’s façade design and 
development. Moreover, building envelope also has an effect on the heat transfer from 
outside environment to building. Thus, the existing of typical materials and finishes 
properties regarding the scope of the study should be concerned. From the outline 
specification, the properties of construction materials, finishes, and fenestrations are 
shown in Table 3.2 to Table 3.4. 
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Table 3.2 The outline specification and thermal properties of construction materials 
Materials Thickness Thermal properties 
 mm Density,  Conductivity, k Specific Heat, Cp 
  kg/m3 W/(mK) J/(kgK) 
Flooring     
Reinforced concrete 220 2400 1.44 920 
External wall     
Reinforced concrete 100 2400 1.44 920 
Internal wall     
Light weight brick 75 800 0.20 840 
 
Table 3.3 The outline specification and thermal properties of finishes. 
Materials Thickness Thermal properties 
 mm Density,  Conductivity, k Specific Heat, Cp 
  kg/m3 W/(mK) J/(kgK) 
Flooring     
Laminate flooring   8 1400 0.25   840 
Granito tiles   9 2300 1.50 1070 
External wall     
Plastering and acrylic painting 
or skim coating 
12.5 1860 0.72   840 
Internal wall     
Plastering and acrylic painting 
or skim coating 
12.5 1860 0.72   840 
Granito tiles   9 2300 1.50 1070 
Ceiling     
Gypsum plasterboard   9   640 0.16 1150 
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Table 3.4 The outline specification and thermal properties of fenestrations 
Materials Thickness Thermal Properties 
 mm T Rf Rb Tv Conductivity, k 
      W/(mK) 
External window       
Green float glass   6 0.487 0.056 0.056  0.749 0.90 
Internal window       
Clear float glass   6 0.775 0.071 0.071 0.749 0.90 
Note: T is Solar transmittance, Rf is Front reflectance, Rb is Back reflectance, 
          Tv is Visible transmittance at normal incidence. 
Materials Thickness Properties 
 mm Density,  Conductivity, k Specific Heat, Cp 
  kg/m3 W/(mK) J/(kgK) 
Opaque door     
HDF/MDF fiberboard 35 1400 0.25 840 
  Note: HDF is High density fiberboard, MDF is Medium density fiberboard. 
 
For opaque materials, heat capacity and thermal conductivity are the main properties that 
is used to describe the characteristic of heat transfer in materials. Heat capacity refers to 
the amount of heat required to change the temperature of a substance. The amount of heat 
required to change a unit mass of a substance over a temperature change of 1K is called 
specific heat capacity. Thermal conductivity refers to the amount of heat conduct through 
material layer with unit thickness. The conduction occurs when the temperature different 
on opposite sides of the layer is 1K. The combination effects between the thermal 
conductivity, specific heat capacity and density can define the rate of heat transfer of a 
material from higher temperature to lower temperature, also known as thermal diffusivity. 
 
From the outline specification, it was found that the majority of construction materials 
are concrete 100 mm thickness. Cement plaster and painting or skim coat are used as 
finishes materials. Compare to light weight brick, thermal properties of concrete are 
worse: higher density, conductivity, and specific heat capacity. Heat from outdoor 
environment can be transferred into the building rapidly. Coupled with the insufficient 
effect of shading device and effect of heat avoidance strategy provided on the building 
envelope, thus heat gain from outdoor environment are allowed to enter the indoor 
space and affects occupant thermal comfort. 
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3.5 Adaptation of Building Occupants towards Thermal Comfort 
Occupants control their comfort preferences by using various adaptation which can be 
attributed from three modes of adaptation (Brager & Dear, 1998): behavioral adjustments, 
physiological adjustments, and psychological adjustments. 
 
Behavioral adjustments refer to all modifications that occupants might consciously or 
unconsciously make in order to balance the body’s heat-balance. It can be defined into 
three sub-categories: 1) personal adjustment refers to the changing of personal variables, 
such as clothing or activities to adjust to the surrounding, 2) technological or 
environmental adjustment refer to the modifying or controlling the surrounding, such 
as opening or closing windows, operating air conditioning system, and 3) cultural 
adjustment refers to the changing of schedule activities. 
 
Physiological adjustments or acclimatization refer to the changes in the physiological 
responses. It is the result from exposure to thermal environmental factors which lead to 
a gradual physiological adaptation. It can be defined into two sub-categories: 1) genetic 
adaptation refers to an alterations in a genetic level which develop beyond an 
individual’s lifetime, 2) acclimation or acclimatization refers to the changes in the 
physiological thermoregulation system over a period of time (days or weeks) in 
response to exposure of thermal environment stressor. Meanwhile, psychological 
adjustments refer to the changes of people’s perception and reaction to sensory 
information by habituation and expectation. 
 
Evidence reviewed by Brager & de Dear (1998) indicated that behavioral adjustments 
and expectation have a much greater influence and relevant to thermal adaptation than 
the slower physiological process of acclimatization. Behavioral adjustments appear to 
have the significant effect on occupant’s thermal adaptation. 
 
The study of Rijai, Humphreys, and Nicol (2015) found that the occupants adapted to 
hot and humid environment by increasing the air movement usage through behavioral 
adaptation such as opening the windows and using fans. Relation between the use of 
controls and temperature are shown in Figure 3.8. 
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Figure 3.8 Relation between the use of window opening and fan usage towards the 
temperature. 
 
 
Figure 3.9 The pattern of window opening. 
 
 
Figure 3.10 The usage pattern of ceiling fan. 
 
 
Figure 3.11 The usage pattern of air conditioning system. 
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From Figure 3.8, when indoor air temperature increases, the higher proportion of 
window opening or fan usage also increases. In addition, when indoor air temperature 
is higher (hotter) than outdoor air temperature, the proportion of use of the controls is 
increased. The use of controls, such as window opening, help increase the indoor 
comfort temperature (Brager, Paliaga, & de Dear, 2004; Rijai, Honjo, Kobayashi, & 
Nakaya, 2013). The indoor comfort temperature can be increased approximately 3ºC or 
4C under wind velocity of 1 m/s (Nicol, 2004). In addition, the external door or window 
screen is being used to prevent the insects from entering the home. Sometimes screening 
can decrease the speed of outside wind from entering the indoor. In this field 
measurement, insects screening was not being used. 
 
An air conditioning system plays a significant role in achieving occupant’s thermal 
comfort to some extent as reported in the study on the air conditioning usage in 
residential buildings in hot-humid climate of Malaysia (Kubota, Jeong, Toe, & Ossen, 
2011). The results indicated that people in hot-humid climate usually operate windows 
during daytime, see Figure 3.9. The ceiling fans are used for approximately 14 hours 
per day especially during nighttime, see Figure 3.10. The air conditioning system, see 
Figure 3.11, is operated during nighttime from 7:00 to 11:00 p.m. and is continued to 
use throughout the night until 5:00 a.m. As a consequence of occupant’s adaptation, 
window opening and the air conditioning system usage were set during the field 
investigation. The hypothetical cases were devised to represent the room with different 
types of ventilation which is described in Chapter 4. 
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CHAPTER 4 
FIELD INVESTIGATION ON THERMAL COMFORT AND 
COOLING ENERGY 
 
Environmental factors contributed to occupant thermal comfort in a typical unit of 
condominium regarding the scope of study was investigated. Parameters, Monitoring 
equipment and the installation are described in this chapter. According to the occupant’s 
behavioral adaptation towards thermal comfort, the hypothetical set-up conditions were 
devised during the field investigation. The results of comfort zone, environmental 
temperature and cooling load from air conditioning system are reported and discussed. 
 
4.1 Parameters and Measuring Devices 
Regarding the environmental factors contributed to thermal comfort, investigated 
parameters are comprised of air temperature, wind velocity, relative humidity and radiation. 
Unlike other factors, radiation can be measured by mean radiant temperature or MRT which 
refers to an average temperature of the surrounding surfaces. Mean radiant temperature 
cannot be measured directly. Thus, a black globe thermometer is used in determining. The 
parameters and measuring devices are shown in Table 4.1 and Figure 4.1. 
 
The investigation was conducted for both indoor and outdoor. For indoor measurement, 
room’s air and surface temperature, humidity, air velocity, and globe temperature were 
investigated. Thermocouple type T was selected due to the stability and temperature 
range between -200ºC to 200ºC. Relative humidity (RH) was measured by a capacitive 
relative humidity sensor with the range of 5% to 95% RH. Air velocity was measured 
using AM-14SD digital anemometers with data logger with the range of 0.2 m/s to 25.0 
m/s. The black globe thermometer with the range of -5ºC to 95ºC was used. 
Microclimate of the selected unit was also investigated through outdoor weather station 
installed at the room’s balcony. Outdoor air temperature, humidity, and air velocity 
were investigated using HOBO U30-NRC weather station starter kit. The range of 
sensor is -40ºC to 75ºC for outdoor air temperature, 0% to 100% for relative humidity, 
and 0.0 m/s to 45.0 m/s for outdoor wind speed.   
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Table 4.1 Investigated parameters and list of measuring devices. 
Indoor measurement   
Parameters Measuring devices Range 
Air and surface temperature (1) Thermocouple type T 
(2) GRAPHTEC GL820 data logger 
-200C to 200C 
Humidity (3) T&D TR-72 Ui sensor 5% to 95% RH 
Wind velocity (4) AM-14SD Anemometer 0.2 m/s to 25.0 m/s 
Globe temperature (5) Shibata Globe thermometer -5C to 95C 
Outdoor measurement   
Parameters Measuring devices Range 
Temperature (6) S-THB-M002 Temp & RH sensor 
(7) HOBO U30 NRC data logger 
-40C to 75C 
Humidity 0% to 100% RH 
Wind velocity (8) S-WSET-A Wind smart sensor set 0.0 m/s to 45.0 m/s 
 
Indoor measuring devices 
 
   
(1) 
 
(2) 
 
(3) 
 
  
 
(4) 
 
(5) 
 
 
Outdoor measuring devices 
 
   
(6) 
 
(7) 
 
(8) 
Figure 4.1 Indoor and outdoor measuring devices. 
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4.2 The Installation of Measuring Devices 
The investigation was conducted in living room, bedroom and balcony, see Figure 4.2. 
The experimental set-up refers to the American Society of Heating, Refrigerating and 
Air-conditioning Engineers or ASHRAE standard 55 (2013b), which provides the 
standard and guideline of thermal environmental conditions for human occupancy. The 
methods to determine thermal environmental conditions in buildings are also provided 
as the core of the standard. The experimental set-up is described as follows. 
 
  
Living room 
 
Bedroom 
 
 
 
 
 
Balcony  
Figure 4.2 The location of measuring devices. 
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The measuring devices were placed in the center of the rooms at the level of seated 
occupant. Temperature sensors were set at 1.1 m above the floor (at head level of 
seating occupant) and attached to the interior surfaces: walls, ceiling, floor, windows, 
and doors. Humidity sensors, wind speed sensors, and the globe thermometer were set 
at 0.6 m above the floor (at waist level of seating occupant). Moreover, temperature and 
relative humidity sensor were also set at the outlet of air conditioning system. 
 
For outdoor environmental investigation, temperature and relative humidity sensor were 
set at the middle of room’s height, 1.6 m above floor level. All measuring data were 
recorded at one minute time interval. During the measurement, all curtains were drawn 
back; heat and direct sunlight can penetrate to the rooms without any internal shading 
devices. The set-up conditions for windows and doors opening, and an air conditioning 
system usage during filed investigation will be described in the next section. 
 
4.3 Set-up Conditions during Field Investigation 
Regarding the occupant behavioral adaptation towards thermal comfort: using the 
control of window opening, ceiling fan and air conditioning system usage, four 
hypothetical cases were devised to represent the room with different types of ventilation. 
The aim of this investigation is to examine the existing thermal performance of the mid-
class condominium unit and the potential of using natural ventilation in order to reduce 
the time period of air conditioning system usage. The set-up conditions during the 
investigation are shown in Figure 4.3, which can be described as follows. 
 
Case 1: Non-ventilated room 
This case represents the rooms without ventilation for all day (24-hours of occupancy) 
or non-ventilated room. Windows in living room and bedroom were closed all day. Air 
leakage through the fenestration is neglected due to the limitation of this dissertation. 
The investigation was conducted for 5 days from May 9 to May 13, 2015. 
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Case 3 Case 4 
Figure 4.3 Set-up conditions during the investigation towards the use of natural 
ventilation (N/V) and air conditioning system (A/C). 
 
Case 2: Naturally ventilated room 
This case represents the rooms with natural ventilation was applied for 24-hours of 
occupancy or naturally ventilated room. Windows in living room and bedroom were 
opened all day. The investigation was conducted for 5 days from May 29 to June 2, 2015. 
 
Case 3: Nighttime with air conditioning system (A/C) turned on  
This case represents the rooms without ventilation during daytime. Windows in living 
room and bedroom were closed all day. An air conditioning system was applied during 
nighttime. Living room is assumed to be occupied from 6:00 p.m. to 9:00 p.m., thus the 
50 
 
air conditioning system was turned on during occupied periods. Meanwhile in bedroom, 
it is assumed to be occupied from 9:00 p.m. to 6:00 a.m. of the next morning. The air 
conditioning system was also turned on during occupied period. Temperature set-point 
was 25ºC. The investigation was conducted for 5 days from June 3 to June 7, 2015. 
 
Case 4: Daytime with natural ventilation and nighttime with A/C turned on  
This case represents the rooms with natural ventilation during daytime. Windows were 
opened from 6:00 a.m. to 6:00 p.m. The air conditioning system was applied during 
nighttime. Similar pattern of nighttime with the air conditioning system in case 3 was 
applied in this case. The air conditioning system was turned on from 6:00 p.m. to 9:00 
p.m. for living room and 9:00 p.m. to 6:00 a.m. for bedroom. The investigation was 
conducted for 5 days from May 24 to May 28, 2015. 
 
The investigation period, from May to the beginning of June, represents the highest 
outdoor air temperature condition in Bangkok. The results of indoor and outdoor 
environment will be used in adaptive thermal comfort and cooling energy evaluation 
which can be described in the next section. 
 
4.4 Results of Thermal Comfort and Cooling Energy 
Indoor and outdoor environment from investigation were used in thermal comfort and 
cooling energy evaluation. Comfort zone, environmental temperature and cooling 
energy consumption can be described as follows. 
 
4.4.1 Comfort Zone 
The results of average outdoor air temperature and comfort zone are shown in Table 
4.2 and Figure 4.4. The extension of upper limit of comfort range under different indoor 
wind velocities are also shown in Table 4.2. 
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Table 4.2 Average outdoor air temperature and comfort zone during filed investigation. 
Daytime Toav  
(ºC) 
Comfort zone Tu(v=x) (ºC) under V = X m/s 
Tn (ºC) Tl (ºC) Tu (ºC) V=0.2 V=0.3 V=0.4 V=0.5 
Case 1 32.3 27.6 25.1 30.1 30.1 30.7
 
31.2 31.8 
Case 2 32.6 27.7 25.2 30.2 30.2 30.8 31.3 31.9 
Case 3 31.1 27.3 24.8 29.8 29.8 30.3 30.9 31.4 
Case 4 31.5 27.4 24.9 29.9 29.9 30.4 31.0 31.5 
Nighttime Toav  
(ºC) 
Comfort zone Tu(v=x) (ºC) under V = X m/s 
Tn (ºC) Tl (ºC) Tu (ºC) V=0.2 V=0.3 V=0.4 V=0.5 
Case 1 30.3 27.0 24.5 29.5 29.5 30.1 30.6 31.2 
Case 2 30.1 26.9 24.4 29.4 29.4 30.0 30.6 31.1 
Case 3 30.1 26.9 24.4 29.4 29.4 30.0 30.6 31.1 
Case 4 30.3 27.0 24.5 29.5 29.5 30.1 30.6 31.1 
Note:        the extension of the upper temperature limit under mean wind velocity from the investigation. 
 
All day average outdoor air temperature was higher than 30ºC in May and the beginning 
of June. Daytime average outdoor air temperature was approximately 31ºC to 33ºC 
while nighttime was 30ºC. Temperature difference between daytime and nighttime was 
small with the diurnal temperature range of 6ºC. Neutrality temperature (Tn), the 
temperature that people would feel neither hot or cold, was approximately 27ºC to 28ºC 
during daytime and 27ºC during nighttime. The lower temperature limit (Tl) of comfort 
zone was 25ºC during daytime which was slightly higher than nighttime. The lower 
temperature limit of comfort zone during nighttime was 24.5ºC. 
 
The upper temperature limit (Tu) of comfort zone was 30ºC during daytime which 
higher than neutrality temperature around 3ºC. Meanwhile the upper temperature limit 
was 29.5ºC. The range of comfort zone between daytime and nighttime was slightly 
different. The results from investigation also insisted the fact that people in Bangkok 
experiences high air temperature for all day, thus the comfort conditions were in the 
range of high air temperature from 25ºC to 30ºC. 
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Figure 4.4 Average outdoor air temperature and comfort zone. 
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An increasing of wind motion can help elevate people comfort conditions through the 
increasing of convective heat transfer and evaporative heat loss from human skin. The 
upper temperature limit of comfort zone is extended to higher temperature under 
various wind velocity ranges from 0.2 m/s to 2.0 m/s. In Table 4.2, the extensions of 
the upper temperature limit (Tu(v=x)) under natural ventilation are shown. Indoor wind 
velocity during the hottest season was lower than 0.5 m/s, as a result, the upper limit of 
comfort zone was extended slightly from 30ºC to 32ºC during daytime and from 29.5ºC 
to 31ºC during nighttime. 
 
From Figure 4.4, the results indicated that outdoor air temperatures were mostly outside 
comfort zone. Only 11% of the investigated hours showed that the outdoor air 
temperature reached comfort zone especially during nighttime, from 12:00 a.m. or 
midnight to 7:00 a.m. in the morning. Under indoor wind velocity of 0.5 m/s, the hours 
that outdoor air reached comfort zone increased from 11% to 65% of the investigated 
hours. However, indoor wind velocity under natural ventilation was mostly lower than 
0.5 m/s, thus the hours of comfort condition were lower than 65%. 
 
4.4.2 Environmental Temperature (EnvT) 
In order to compare the environmental temperature of all cases, the day that the average 
outdoor air temperature conforms to other cases was selected. Daytime and nighttime 
environmental temperature are shown in Table 4.3 and Table 4.4, respectively along 
with standard effective temperature. Daytime environmental temperature and comfort 
zone are shown in Figure 4.5 and nighttime environmental temperature is shown in 
Figure 4.6. 
 
During the time that an air conditioning system was turned off, environmental 
temperature (EnvT) of the room was higher than neutrality temperature. In case 2, 
daytime using natural ventilation in living room could reduce the environmental 
temperature for 1ºC and 0.6ºC for bedroom, compared to non-ventilated room in case 1. 
Meanwhile, environmental temperature during nighttime showed smaller decline 
compared to daytime. The environmental temperature decreased 0.5ºC for living room 
and 0.4ºC for bedroom when natural ventilation was applied during nighttime. 
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Table 4.3 Daytime environmental temperature and standard effective temperature. 
 Living room Bedroom 
 MRT DBT EnvT SET MRT DBT EnvT SET 
 (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) 
Case 1 34.3 33.7 34.1 35.1 33.6 33.0 33.4 34.9 
Case 2 32.9 33.4 33.1 32.9 32.8 32.7 32.8 32.8 
Case 3 32.2 32.0 32.1 32.9 31.2 31.4 31.3 32.5 
Case 4 32.1 31.3 31.9 32.8 31.2 31.0 31.1 32.3 
 
Daytime 
 
  
Case 1 
 
Case 2 
 
  
  
Case 3 
 
Case 4 
 
 
Figure 4.5 Daytime environmental temperature and comfort zone. 
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Table 4.4 Nighttime environmental temperature and standard effective temperature. 
 Living room Bedroom 
 MRT DBT EnvT SET MRT DBT EnvT SET 
 (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) 
Case 1 31.8 32.2 31.9 33.2 32.1 31.8 32.0 33.6 
Case 2 31.4 31.4 31.4 32.3 31.7 31.5 31.6 32.6 
Case 3 29.6 29.6 29.6 30.8 30.6 30.7 30.6 32.1 
Case 4 28.7 28.8 28.8 29.7 30.2 30.2 30.2 31.2 
Note: Data during non-active system are shown. 
 
Nighttime 
 
  
Case 1 
 
Case 2 
 
  
Case 3 
 
Case 4 
 
 
Figure 4.6 Nighttime environmental temperature and comfort zone. 
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During nighttime, an air conditioning system was applied in case 3 and case 4. In these 
two cases, the environmental temperature during the hours of non-active system usage 
and non-window opening were analyzed. Nighttime environmental temperature stayed 
closer to neutrality temperature compared to daytime results. In the living room, the 
environmental temperature was lower than in case 3 for 0.8ºC after the air conditioning 
system was turned off. Using natural ventilation during daytime in case 4 showed the 
possibility in room’s temperature reduction during nighttime compared to daytime non-
ventilated room in case 3. Environmental temperature in the bedroom also showed the 
similar tendency as the results in the living room with 0.4ºC reduction. 
 
The combination effect between environmental temperature and humidity, standard 
effective temperature (SET) can be defined. It is the temperature that people response 
to the thermal environment. When natural ventilation was applied, daytime relative 
humidity in case 2 was lower than 50% RH, thus people feel cooler than the actual 
room’s environmental temperature. Meanwhile, nighttime relative humidity was higher 
than 60% RH in every cases. People feel warmer than the actual environmental temperature. 
 
Since the upper limit temperature could not be extended sufficiently, indoor wind 
velocity was lower than 5 m/s, the extension of comfort ranges under various indoor 
wind speed (0.2 m/s to 2.0 m/s) were predicted as shown in Figure 4.5 and Figure 4.6. 
During daytime with natural ventilation, in case 2 and case 4, the environmental 
temperature stayed in comfort zone under the medium wind velocity of 1 m/s. In case 
3, daytime without natural ventilation also showed the similar tendency as in case 2 and 
case 4 due to the effect of air conditioning system usage during nighttime. 
Environmental temperature was kept cool after the air conditioning system was applied 
and the window was closed. 
 
In case 2, nighttime results showed the similar tendency as daytime results. 
Environmental temperature stayed in comfort zone under the medium wind velocity of 
1 m/s. Although environmental temperature during nighttime was lower than daytime, 
nighttime environmental temperature almost exceeded the comfort condition. In case 3 
and case 4, the environmental temperature in the living room was still low (cool) after 
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the air conditioning system was turned off and the window was closed. The additional 
low indoor wind velocity of 0.5 m/s could make environmental temperature stayed in 
comfort zone. Meanwhile, nighttime environmental temperature of the bedroom stayed 
in comfort zone under the medium wind velocity of 1.0 m/s before the air conditioning 
system was applied and window was closed. However, using natural ventilation during 
daytime in case 4 showed the possibility in environmental temperature reduction 
compared to daytime non-ventilated room in case 3. Environmental temperature 
decreased 0.8ºC for the living room and 0.4ºC for the bedroom. 
 
4.4.3 Cooling Load from Air Conditioning Process 
Regarding the results of nighttime environmental temperature coupled with high 
humidity, thermal comfort was difficult to be achieved under natural ventilation. 
Therefore, the air conditioning system might be an alternative according to its reliability 
in providing thermal comfort during sleep. However, it is possible to reduce air 
conditioner usage during the day by enhancing natural ventilation. The results of the 
total sensible cooling load from air conditioning processes in case 3 and case 4 are 
shown in Table 4.5. 
 
Living room, as mainly occupied area with activity level varied from 0.8 Met (reclining) 
to 3.4 Met (house cleaning), was selected to compare cooling load between daytime 
non-ventilated room exhibited in case 3 and daytime naturally ventilated room 
exhibited in case 4. Outdoor air temperature during the filed investigation in case 3, 
June, was 0.2º C lower than the condition of May in case 4. Therefore, outdoor environment 
did not show any significant effect on environmental temperature during nighttime.   
 
Table 4.5 Cooling energy from air conditioning process. 
 Cooling energy per area (MJ/m2) 
 June 3 June 4 June 5 June 6 June 7 Average 
Case 3 4,355 4,437 4,531 4,300 4,029 4,330 
 Cooling energy per area (MJ/m2) 
 May 24 May 25 May 26 May 27 May 28 Average 
Case 4 5,529 3,965 5,262 5,089 4,495 4,868 
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The results showed that cooling load in case 4, daytime using natural ventilation was 
slightly higher than the results in case 3, daytime non-ventilated room. Only the cooling 
energy consumption on May 25, 2015, showed the lower cooling load than the result in 
case 3. Although environmental temperature under daytime using natural ventilation in 
case 4 was slightly lower than in case 3, but mean radiant temperature (MRT) showed 
the similar tendency as the results in case 3. Therefore, the accumulated heat on the 
room’s surface during daytime, when natural ventilation was applied, might be the 
factor that resulted in an increasing of cooling load when air conditioning system was 
applied at night. 
 
4.5 Discussions 
The extension of thermal comfort range, indoor air temperature and mean radiant 
temperature contribute to environmental temperature are discussed as follows. 
 
4.5.1 The Extension of Thermal Comfort Range 
As in the hot-humid climatic region, people usually experience high air temperature 
and high humidity for most of the year. Thus, the investigation was conducted during 
the extremely high outdoor air temperature in May to the beginning of the rainy season 
in June. During daytime, the average outdoor air temperature ranged from 30.8C to 
33.5C and relative humidity was between 52% RH and 75% RH. Meanwhile, 
nighttime air temperature was lower but humidity was higher than daytime. The average 
outdoor air temperature ranged from 28.6C to 31.2C with relative humidity ranged 
from 66% RH to 77% RH. The outdoor wind speed was lower than 1 m/s with the 
average velocity of 0.6 m/s. People feel neither hot nor cold under the neutrality 
temperature of 27ºC. The upper limit of comfort zone was approximately 3ºC higher 
than the neutrality temperature. 
 
In order to extend thermal comfort range, indoor wind velocity is needed to elevate the 
upper limit temperature. When natural ventilation was applied, the average wind 
velocity was slightly higher than the room without ventilation with the average velocity 
below 0.5 m/s, see Figure 4.7. 
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Case 2: May 29 to June 2, 2015 
 
 
Outdoor wind velocity 
 
 
Indoor wind velocity 
Figure 4.7 Outdoor and indoor wind velocity during the investigation in case 2. 
 
   
Unit Plan Living room Bedroom 
Figure 4.8 Openable area of living room and bedroom windows. 
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Low indoor wind velocity had resulted in the small extension of comfort range. The 
upper limit of comfort range could be extended up to 1.7ºC under the indoor wind 
velocity of 0.5 m/s. The indoor wind velocity during the investigation was very low 
according to the following effects: 1) insufficient natural ventilation was the 
consequence of the single-sided ventilation, 2) low outdoor wind velocities and 3) low 
window openable area which was accounted for 12% of the living room area and 11% 
of the bedroom area. Therefore, the greater extension of comfort range can be achieved 
by increasing indoor air velocity with a ceiling fan and also the wind-driven natural 
ventilation design strategy. 
 
4.5.2 Indoor Air and Mean Radiant Temperature Contribute to Environmental 
Temperature 
Environmental temperature is the combination effect between mean radiant temperature 
and dry-bulb temperature. But the effect of the mean radiant temperature is twice as 
significant as the dry-bulb temperature. The comparison between indoor air 
temperature (dry-bulb temperature or DBT), mean radiant temperature (MRT) and 
environmental temperature (EnvT) are shown in Figure 4.9. 
 
As mentioned previously, the day that an average outdoor air temperature conforms to 
other cases was selected for comparison. The results showed that the selected of 
daytime outdoor air temperature in case 2 (32.6º C), naturally ventilated room was 
slightly higher than case 1 (32.3ºC), non-ventilated room. But with the effect of natural 
ventilation, daytime environmental temperature in case 2 could be reduced up to 1.0C 
compared to case 1 and also stayed in comfort zone under medium indoor wind speed 
of 1 m/s. Mean radiant temperature was lower than indoor air temperature from 12:00 
p.m. to 5:00 p.m., as the result, daytime average environmental temperature in case 2 
was lower than in case 1. Therefore, naturally ventilated room exhibited in case 2 
indicated higher performance in environmental temperature reduction compared to 
non-ventilated room exhibited in case 1. 
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Figure 4.9 Mean radiant and indoor air temperature contribute to environmental 
temperature in bedroom. 
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In case 3 and case 4, mean radiant temperature indicated different tendency from case 2. 
In case 3, daytime non-ventilated room, mean radiant temperature in the bedroom was 
slightly lower than dry-bulb temperature. Meanwhile, mean radiant temperature in case 
4 was slightly higher than dry-bulb temperature. This behavior occurred because high 
outdoor air temperature, that had brought into the room through daytime natural 
ventilation (in case 4), resulted in heat accumulation on room’s surface. On the other 
hand, the rooms in case 3 were kept cool after air conditioning system was turned off; 
window was closed during daytime. Therefore, mean radiant temperature in case 3 was 
lower in case 4. However, daytime environmental temperature under natural ventilation 
in case 4 was lower than in case 3. Using natural ventilation during daytime indicated 
the greater performance in environmental temperature reduction. 
 
When air conditioning system was applied during nighttime, indoor air was cooled by 
the cooling process. Meanwhile, mean radiant temperature was still high with the larger 
temperature difference between mean radiant temperature and dry-bulb temperature, as 
a result, room’s temperature was higher than air temperature. Heat from room’s surface 
will radiate to room’s air which contributed to an increasing of cooling energy 
consumption. 
 
4.5.3 Relative Humidity and Standard Effective Temperature 
Standard effective temperature (SET) is the temperature that people response to the 
thermal environment. It is the combination effect between environmental temperature 
and humidity. In a hot-humid climate condition in Bangkok, humidity is the significant 
factor that influences occupant comfort sensation. Outdoor and indoor relative humidity 
are shown in Figure 4.10. 
 
Under natural ventilated condition in case 2, outdoor wind has brought into the rooms 
along with high humidity. Indoor humidity was slightly lower than outdoor. During 
daytime, humidity was lower than nighttime. When natural ventilation was applied, 
daytime average relative humidity was lower than 50% RH, thus occupant feels cooler 
than the actual environmental temperature. The standard effective temperature was 
lower than the environmental temperature. 
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Case 2: May 29 to June 2, 2015 
 
 
Outdoor relative humidity 
 
 
Indoor relative humidity 
Figure 4.10 Outdoor and indoor relative humidity during the investigation in case 2. 
 
Meanwhile, nighttime using natural ventilation allowed high humidity over than 50% 
RH to enter the rooms, as a result, occupant feels warmer than the actual environmental 
temperature. The standard effective temperature was higher than environmental 
temperature. Therefore, only natural ventilation might not be able to provide 
comfortable thermal environment at night. 
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4.5.4 Mean radiant temperature resulted in the increasing of cooling load 
When air conditioning system was applied at night in case 3 and case 4, room’s air was 
directly cooled by the cooling process of the air conditioning system. Accumulated heat 
on room’s surface from daytime was still higher than indoor air temperature. Heat 
stored in the interior surfaces will radiate to room’s air (lower temperature than room’s 
surface). Surface temperature was also the factor that contributed to an increasing of 
cooling load. 
 
In addition, using natural ventilation during daytime in case 4, also resulted in an 
increasing of cooling load compared to daytime non-ventilated room in case 3. High 
outdoor air temperature and high humidity during daytime had brought into the room 
through natural ventilation coupled with the excessive heat from direct sunlight passed 
through the exterior glazing windows. As a result, heat was absorbed and accumulated 
by room’s surface during daytime which resulted higher cooling energy consumed in 
the air conditioning system. In order to reduce the heat stored in room’s surfaces, low 
outdoor air temperature is preferable for daytime natural ventilation. Moreover, radiant 
cooling system should be studied regarding the ability to control surface temperature.  
 
4.6 Conclusions 
Environmental factors contributed to thermal comfort are the key factor which is crucial 
to the energy consumption through the air conditioning system usage in the residential 
unit. This study aims to investigate thermal environment in one-bedroom unit of a high-
rise condominium in an urban area of Bangkok. The hypothetical cases were devised 
based on the occupant behavioral adjustment towards thermal comfort through the use 
of natural ventilation (window opening) and the use of the air conditioning system. The 
field investigation was conducted during the hottest season of the year. 
 
Field investigated results showed that applying natural ventilation indicated the 
possibility to provide indoor thermal comfort environment during daytime under the 
predicted indoor air velocity of 1.0 m/s. Environmental temperature was reduced for 
1ºC compared to non-ventilated room. Moreover, standard effective temperature was 
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lower than environmental temperature due to daytime average relative humidity was 
lower than 50% RH, as a result, occupant might feel cooler than the actual 
environmental temperature. Therefore, daytime applying natural ventilation tended to 
reduce the hours of applying an air conditioning system. Natural ventilation could help 
reduce room’s temperature and extended thermal comfort range under the medium wind 
velocity of 1.0 m/s. 
 
However, daytime average indoor wind velocity was lower than 0.5 m/s according to 
the investigated results. The upper limit temperature of comfort zone could only be 
extended up to 1.7ºC under velocity of 0.5 m/s. Indoor wind velocity was low due to 
the following effects: 1) insufficient natural ventilation was the consequence of the 
single-sided natural ventilation, 2) low outdoor wind velocity with an average wind 
speed lower than 1 m/s, and 3) low ratio of  window openable area to floor area which 
was accounted for 12% of the living room area and 11% of the bedroom area. Therefore, 
the greater extension of comfort range can be achieved by increasing indoor air velocity 
by applying a ceiling fan and also by the wind-driven natural ventilation design strategy 
through an effective natural ventilation. 
 
Only natural ventilation could not maintain thermal comfort environment for all night 
due to high humidity. Humidity over 50% RH from outdoor environment had entered 
the rooms through the use of natural ventilation at nighttime. The standard effective 
temperature was higher than environmental temperature, as a result, occupant might 
feel warmer than the actual room’s temperature. The active cooling system is the 
alternative in providing thermal comfort environment during nighttime due to the 
ability to control room’s air temperature and humidity; air conditioning system is 
commonly applied in the residential unit. 
 
In general, natural ventilation and air conditioning system are used for providing the 
comfort ventilation in residential unit. In order to reduce the hour of air conditioning 
system usage, natural ventilation should be applied during daytime. However, high 
outdoor air temperature and humidity from outdoor environment during daytime could 
enter the room through natural ventilation coupled with the excessive heat from direct 
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sunlight passed through the glazing exterior windows. As a result, heat was absorbed 
and accumulated by room’s surface which resulted in higher mean radiant temperature. 
When an air conditioning system was applied at nighttime, heat stored in room’s surface 
(high temperature) radiated to room’s air (low temperature) and resulted in an 
increasing of cooling energy. In order to reduce the heat stored in room’s surfaces, low 
outdoor air temperature are preferable for daytime natural ventilation. Exterior shading 
device should be implemented to reduce an excessive heat gain from direct sunlight 
exposed through the exterior glazing windows. Moreover, radiant cooling system 
should be studied regarding the ability to control surface temperature. 
 
This study has some limitation as it was carried out on the different days and the field 
data based on one specific unit configuration. The computer simulation will be 
conducted in order to calibrate the results, to increase the validity, and also provide a 
better understanding of indoor thermal environment contributed to thermal comfort.  
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CHAPTER 5 
CALIBRATION METHOD AND RESULTS COMPARISON 
 
Calibration method and limitation of the simulation program, EnergyPlus version 8.4, 
are described in details, followed by the description of the preliminary model for 
calibration. The results comparison between the computer program simulation and the 
field measurement are also given in this chapter. 
 
5.1 Calibration Method and Limitation 
Calibration method along with the limitation of the computer program simulation can 
be described as follows. 
 
5.1.1 Calibration Method 
In order to substantiate the simulation program with the field measurement data, 
calibration has been recognized as an important factor. The simulated indoor air hourly 
temperature during the baseline period in May and June was compared against the 
average measured temperature. The calibrated model will be used to evaluate building 
thermal performance in which passive cooling strategies with active system are applied. 
The calibration procedure of this study can be shown in Figure 5.1. 
 
 
Figure 5.1 The calibration procedure of this study. 
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The calibration procedure is comprised of two main processes. First, EnergyPlus model 
based on information obtained from building specification is inputted. The initial model 
is assumed that the building has no air conditioning. The international weather for 
energy calculations or IWEC is derived as a source of weather data. Second, the hourly 
simulated results are extracted and compared with measured results. 
 
In measurement, environmental factors related to thermal comfort were collected every 
one minute. One minute time interval data will be converted to hourly average data for 
results comparison. Indoor air temperature and mean radiant temperature between 
measured results and simulated results are compared to find the matching trend. After 
the calibration procedure, calibrated model will be used as an initial model for 
evaluation in Chapter 6. The limitation in computer program simulation and calibration 
method are described in the next section. 
 
5.1.2 Limitation 
In the usual EnergyPlus model calibration method, the purpose of the calibration is to 
ensure that the model can generate the results close to the measured results. Thus, the 
actual input especially site-specific measured weather data should be concerned. In 
order to create the custom weather file, a lot of synchronization between the different 
data source e.g. outdoor temperature, humidity, radiation, wind speed and direction, sky 
condition, precipitation, must be inputted for the accurate results. Data sources related 
to the custom weather file can be shown in Table 5.1. 
 
In this study, only some of the outdoor environmental factors were measured during the 
field measurement i.e. dry-bulb temperature, relative humidity, wind speed, gust speed, 
solar radiation and wind direction. The data sources from field measurement are 
insufficient to customize the accurate weather data for simulation. Moreover, the height 
of sensor also has an influence on the outdoor environmental factors measured by 
weather station. Weather stations usually comply with the standard conditions: air 
temperature is measured at approximately 1.5 m above ground, wind speed is measured 
at 10 m above ground, and weather station is located in a flat, open field with little 
protection from the wind. But according to the field measurement, the outdoor 
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microclimate investigation was conducted at 60.8 m height above ground; the location 
of sensors were not complied with the standard conditions. Therefore, instead of 
customizing weather data for simulation, the weather data from the IWEC is derived. 
The temperature tendency between the IWEC and site-specific measured weather data 
will be compared. 
 
Table 5.1 Data sources related to the custom weather file. 
Data Source Data Source 
1. Dry-bulb temperature (ºC) 
2. Dew-point temperature (ºC) 
3. Relative humidity (%) 
4. Atmospheric pressure (Pa) 
5. Extraterrestrial horizontal radiation (Wh/m2) 
6. Extraterrestrial direct normal radiation (Wh/m2) 
7. Horizontal infrared radiation intensity from sky (Wh/m2) 
8. Global horizontal radiation (Wh/m2) 
9. Direct normal radiation (Wh/m2) 
10. Diffuse horizontal radiation (Wh/m2) 
11. Global horizontal illuminance (lux) 
12. Direct normal illuminance (lux) 
13. Diffuse horizontal illuminance (lux) 
14. Zenith luminance (Cd/m2) 
15. Wind direction (Deg) 
16. Wind speed (m/s) 
17. Total sky cover 
18. Opaque sky cover 
19. Visibility (km) 
20. Ceiling height (m) 
21. Present weather observation 
22. Present weather codes 
23. Precipitable water (mm) 
24. Aerosol optica depth 
25. Snow depth (cm) 
26. Day since last snow 
27. Albedo 
28. Liquid precipitation depth (mm) 
29. Liquid precipitation quantity (hr) 
 
 
Figure 5.2 The overall program structure of EnergyPlus (U.S. Department of Energy, 
2015). 
70 
 
EnergyPlus is an energy analysis and thermal load simulation program which inherits 
the simulation characteristics from two legacy building energy simulation programs, 
DOE-2 and BLAST. Accurate prediction of space temperature is crucial to energy 
analysis, system sizing, and occupant comfort. The inaccurate space temperature 
predication in DOE-2 and BLAST has been developed in EnergyPlus (Crawley, et al., 
1998). The overall program structure can be shown in Figure 5.2. 
 
The program has three basic components: a simulation manager, a heat balance 
simulation module, and a building systems simulation module. The simulation manager 
controls the entire simulation process which user can also define time step and 
simulation period. EnergyPlus is a heat balance model. The air in each thermal zone are 
modeled as the uniform temperature throughout the thermal zone which does not reflect 
the reality like in an intensive simulation of fluid movement, the Computational Fluid 
Dynamics (CFD). EnergyPlus cannot generate neither indoor wind speed nor vector of 
velocity distribution. Therefore, the air change rate will be referred as the input data 
instead of wind velocity. A building systems simulation manager handles the heat 
balance engine and HVAC modules and loops which is flexible for the users to adjust 
their simulation to comply with the actual system configuration. 
 
In addition, the internal gains from people’s influence, lighting, and electrical 
equipment are neglected in this study. Only the unit facing south-west direction (view 
factor to ground of an exterior wall is 0.5) which receives the highest external heat gain, 
are studied in order to represent the worst-case scenario of indoor thermal performance 
in high-rise residential building. 
 
5.2 Preliminary Model for Calibration 
Before run the simulation, the preliminary model is configured according to the 
construction drawing and outline specification of the study building which is assumed 
to comply with the Thailand building codes, regulations and standards. The general data 
inputs and the specific configurations which refers to occupant thermal adaptations are 
described below. 
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5.2.1 General Data Inputs 
In this study, the general data inputs can be mainly categorized into three input objects: 
1) location, height, and climate, 2) surface construction elements, and 3) thermal zones, 
surfaces and shading devices. 
 
1. Location, Height, and Climate 
Site: location object in modelling was specified as the same location of the weather 
station in Bangkok, see Table 5.2. 
 
Table 5.2 Location, height, and climate of the study area. 
Site: Location  Site: Weather Station 
Name BKK  Wind Sensor Height Above Ground (m) 60.8 
Latitude 13.92  Air Temperature Sensor Height Above Ground (m) 60.8 
Longitude 100.60  Site: Height Variation 
Time Zone 7.00  Wind Speed Profile Exponent 0.22 
Elevation (m) 12.00  Wind Speed Profile Boundary Layer Thickness (m) 370 
   Air Temperature Gradient Coefficient (K/m) 0.0065 
 
The building location was set as located in Bangkok, Thailand. The outdoor weather 
boundary was set at 60.8 height above ground due to the effect of height-dependent 
variable. As the high-rise condominium, the height-dependent or atmospheric variation 
for wind speed and temperature should be concerned. With altitude, air temperature 
decreases at a rate of approximately 1ºC per 150 m. Barometric pressure decrease. Wind 
speed increases. In simulation program, the local outdoor air temperature are 
automatically calculated as shown in equation 5.1 (U.S. Standard Atmosphere, 1976 as 
quoted in U.S. Department of Energy, 2015) 
 
)(
bZbZ
HHLTT    [Eqn. 5.1] 
 
Where Tz is air temperature at altitude z; Tb denotes air temperature at the base of layer; 
L is air temperature gradient, equal to -0.0065 K/m in the troposphere; Hb is the offset 
equal to zero for the troposphere; Hz is geopotential altitude. 
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Outdoor wind speed is calculated using equation 5.2 (ASHRAE, 2005 as quoted in U.S. 
Department of Energy, 2015). 
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Where Z  is altitude or height above ground; Vz denotes wind speed at altitude z;   is 
wind speed profile exponent at the site;   is wind speed profile boundary layer 
thickness at the site; Zmet is height above ground of the wind speed sensor at the 
meteorological station; Vmet is wind speed measured at the meteorological station; αmet 
is wind speed profile exponent at the meteorological station; δmet is wind speed profile 
boundary layer thickness at the meteorological station. 
 
From the correlations of height-dependent variable, the terrain filed should be specified. 
The site’s terrain affects the direction of the wind towards the building. The wind speed 
profile coefficients are different for the different terrain types. According to the field 
measurement, the terrain type was set as an urban area. 
 
2. Surface Construction Elements 
Construction materials are defined for walls, floors, ceiling, doors and windows 
associated with the number of material layers present in that construction, see Table 
5.3. Material layers are defined based on their thermal properties, see appendix A, 
which have an effect on the heat balance model. The room surfaces are assumed to have 
uniform surface temperatures, uniform long and short wave irradiation, diffuse 
radiating surfaces and internal heat conduction. Outside surface heat balance diagram 
can be shown in Figure 5.3 (U.S. Department of Energy, 2015). The heat balance on the 
outside surface can be expressed as equation 5.3 (U.S. Department of Energy, 2015). 
 
0
koconvLWRsol
qqqq   [Eqn. 5.3] 
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Where 
sol
q  is absorbed direct and diffuse solar short wavelength radiation heat flux; 
LWR
q   denotes net long wavelength radiation flux exchange with the air and 
surroundings; 
conv
q   is convective flux exchange with outside air; 
ko
q   is conduction heat 
flux into the wall. The correlation indicated the effect of three mechanism of heat 
transfer: conduction, convection, and radiation. 
 
Table 5.3 Input data of the construction elements.  
 Object 1  Object 2  Object 3 
Name External Wall  Interior Wall  Floor 
Outside Layer Plastering  Plastering   Reinforced Concrete 
Layer 2 Reinforced Concrete  Light Weight Brick  Laminate Flooring 
Layer 3 Plastering  Plastering   
 Object 4  Object 5  Object 6 
Name Floor (upper unit)  Ceiling  Opaque Door 
Outside Layer Laminate Flooring  Gypsum Board  Fiberboard 
Layer 2 Reinforced Concrete     
 Object 7  Object 8   
Name External Window  Internal Window   
Outside Layer Green Glass 6 mm  Clear Glass 6 mm   
 
 
 
Figure 5.3 Outside surface heat balance diagram (U.S. Department of Energy, 2015). 
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Outside surface heat balance can be mainly classified into two categories: 1) external 
shortwave radiation and 2) external longwave radiation. External shortwave solar 
radiation (
sol
q ), visible light, includes direct and diffuse incident solar radiation 
absorbed by the surface. It is influenced by location, surface facing angle and tilt, 
surface material properties, weather conditions, etc. External longwave thermal radiation 
(
LWR
q  ), infrared light or heat, between surfaces is dependent on surface temperature, 
spatial relationships between surfaces and surroundings, and material properties of the 
surfaces. The longwave radiation heat flux can be calculated using equation 5.4 (U.S. 
Department of Energy, 2015). 
 
     444444
surfairairsurfskyskysurfgndgndLWR
TTFTTFTTFq     [Eqn. 5.4] 
 
Where   is longwave emittance of the surface;   denotes the Stefan-Boltzmann 
constant; Fgnd is view factor of wall surface to ground surface temperature; Fsky is view 
factor of wall surface to sky temperature; Fair is view factor of wall surface to air 
temperature; Tsurf is outside surface temperature; Tgnd is ground surface temperature; 
Tsky is sky temperature; Tair is air temperature. The radiation exchange between building 
exterior surface and outdoor environment of the ground, sky, and air can be determined 
automatically by input the material properties and assign the layer of construction 
elements. 
 
3. Thermal Zones, Surfaces, and Shading Devices 
The simulation model is mainly divided into 5 thermal zones: living room, bedroom, 
living room’s plenum, bedroom’s plenum, and storage, see Figure 5.4. The observed 
zones are living room and bedroom. In EnergyPlus, each thermal zone contains of two 
types of surfaces: heat transfer surface and heat storage surface, see Figure 5.5. Heat 
transfer surface is defined when the surface is expected to separate spaces of 
significantly different temperatures e.g. exterior surfaces, interior surfaces that separate 
conditioned and unconditioned space, etc. On the other hand, if the surface separate 
spaces maintained at the same temperature, heat storage surface is defined e.g. interior 
surfaces that separate two unconditioned space, etc.  
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Figure 5.4 Preliminary model for calibration classified by thermal zone. 
 
  
Heat Transfer Surface Heat Storage Surface 
Figure 5.5 Schematic model showing types of surfaces. 
 
 
 
 
 
 
 
 
Figure 5.6 Fenestration and external shading devices in simulation. 
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In the living room, all walls were heat transfer surface which separates thermal zone 
with the outdoor environment and thermal zone with the different thermal zone. Ceiling 
was also defined as the heat transfer surface. Similarly to the living room, outdoor 
environment and different thermal zone were separated by heat transfer surface. The 
walls that connect to the adjacent unit or corridor, which is not included in the study 
area, the outside boundary conditions were defined as the heat storage surface or 
adiabatic surface. 
 
Fenestration and external shading devices are simplified as shown in Figure 5.6. In the 
simulation, balcony area was not included in the thermal zone, thus, it was defined as 
shading device instead. Glazing windows and opaque doors were also simplified on the 
building surface. The outside boundary condition objects were also defined. 
 
5.2.2 Specific Configuration towards Occupant Thermal Adaptations 
According to the room’s set up conditions during the field investigation, the initial 
model (general data inputs) for calibration is assumed that all thermal zones have no 
ventilation. With occupant thermal adaptations, applying natural ventilation through the 
opening of windows and doors along with the air conditioning usage are modelled. 
 
In EnergyPlus, the opening of windows and doors require airflow rate as the input data. 
Airflow rate is assumed to be constant due to the measured results show that the 
different temperature between outdoor and indoor air temperature is small or less than 
5ºC. Airflow rate can be classified by three characteristics: 1) airflow through large 
intentional openings, 2) flow caused by wind only, and 3) flow caused by thermal forces 
only. Since the effect of single-sided ventilation is poor coupled with the insignificant 
of building internal resistance, flow caused by thermal forces or stack effect will be 
used which can be determined by equation 5.5 (ASHRAE, 2013a). 
 
 
ioiNPLD
TTTHgACQ /2     [Eqn. 5.5] 
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Where Q is airflow rate (m/s); DC  denotes discharge coefficient for opening; A is area 
of inlet openings (m2); 
NPL
H  is height from midpoint of lower opening to neutral 
pressure level or NPL (m); 
i
T  is indoor temperature (K); 
O
T  is outdoor temperature (K). 
This equation applies when
oi
TT  . If 
Oi
TT  , replace 
i
T  in the denominator with 
o
T , 
and replace the term  
oi
TT  in the numerator with  
io
TT  . Discharge coefficient or 
D
C  can be calculated using equation 5.6 (ASHRAE, 2013a). Airflow rate for living 
room and bedroom can be shown in Table 5.4. 
 
oiD
TTC  0045.040.0   [Eqn. 5.6] 
 
Table 5.4 Airflow rate from theoretical calculation. 
Case 2 Airflow Rate (m3/s)  Case 4 Airflow Rate (m3/s) 
Schedule Living Bed  Schedule Living Bed 
All day 0.06 0.03  6:00 a.m. - 6:00 p.m. 0.04 0.02 
 
Results from the field measurement were used in theoretical calculation of airflow rate. 
Airflow rate in naturally ventilated room schedule, case 2, was slightly higher than 
daytime schedule, case 4, due to the effect of temperature difference between indoor 
and outdoor. Larger temperature difference in case 2 enhances the stack effect which 
results in higher air flow rate than low temperature difference in case 4. Moreover, the 
inlet opening area and the height from midpoint of lower opening to neutral pressure 
level of window in living room is larger than in bedroom, as a result, airflow rate in 
living room was higher than in bedroom. 
 
For the air conditioning system data input, the ideal loads system was selected to model 
only the sole conditioning component. According to the air conditioning system 
specification, maximum cooling capacity of living room and bedroom are 5.2 kW and 
3.6 kW, respectively. Maximum cooling airflow rate are 17.6 m3/min or 0.292 m3/s for 
living room and 9.9 m3/min or 0.165 m3/s for bedroom. The diagram showing data input 
in each case are shown in Figure 5.7. Finally, simulated results will be compared with 
the measured results which will be discussed in the next section. 
78 
 
Case 1 
 
Case 2 
 
 
Ventilation Schedule 
 
 
Initial Model 
 
 
Ventilation Schedule 
 
 
Initial Model 
 
 
 
 
 
Natural Ventilation (N/V) 
Living room: Airflow Rate 0.06 m3/s 
Bedroom: Airflow Rate 0.03 m3/s 
 
 
Case 3 
 
Case 4 
 
 
Ventilation Schedule 
 
 
 
Initial Model 
 
 
Ventilation Schedule 
 
  
 
Initial Model 
 
 
Air conditioning system (A/C) 
Living room: Cooling Capacity 5.2 kW 
Airflow Rate 17.6 m3/min 
6:00 p.m. to 9:00 p.m. 
Bedroom:      Cooling Capacity 3.6 kW 
Airflow Rate 9.9 m3/min 
9:00 p.m. to 6:00 a.m. 
 
 
 
Natural Ventilation (N/V) 
Living room: Airflow Rate 0.04 m3/s 
Bedroom: Airflow Rate 0.02 m3/s 
 
Air conditioning system (A/C) 
Living room: Cooling Capacity 5.2 kW 
Airflow Rate 17.6 m3/min 
6:00 p.m. to 9:00 p.m. 
Bedroom:      Cooling Capacity 3.6 kW 
Airflow Rate 9.9 m3/min 
9:00 p.m. to 6:00 a.m. 
 
Figure 5.7 Data input diagram of different ventilation conditions. 
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5.3 Results Comparison between Simulation and Field Measurement 
Outdoor air temperature (To), indoor air temperature (Ti), and mean radiant temperature 
(MRT) were examined as the comparison parameters for calibration. The comparison 
between simulated results and measured results are shown in Figure 5.8. 
 
Outdoor air temperature during filed measurement was mostly higher than the results 
from weather data. But the results of indoor air temperature and mean radiant 
temperature, simulated results showed the correspondence with measured results. The 
effect of different ventilations on indoor environment can be discussed as follows. 
 
5.3.1 Effect of Natural Ventilation and Temperature 
Simulated results showed the correspondence with measured results when natural 
ventilation was applied. Indoor air temperature from simulation demonstrated similar 
trend to the measured results especially in naturally ventilated bedroom in case 2. 
Bedroom has only one side of exterior wall, thus the effect of uncontrollable factors 
during field investigation, e.g. reflection from the adjacent building façade, were lower 
than living room. When natural ventilation was applied, indoor air temperature from 
the investigation was slightly higher than in the simulation due to the effect of 
insufficient ventilation during field measurement. In the real situation, the airflow rate 
driven by natural ventilation does not occur constantly as the input value in simulation. 
Accumulated heat inside the space could not be rejected efficiently. 
 
In simulation, mean radiant temperature was slightly higher than indoor air temperature 
which indicated the same trend as demonstrated in measured results. High outdoor air 
temperature had brought into the space through insufficient natural ventilation. Heat 
from outdoor environment was absorbed in the room’s surfaces and resulted in higher 
mean radiant temperature. 
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Case 1 
 
  
Living room 
 
Bedroom 
Case 2 
 
  
Living room 
 
Bedroom 
Case 3 
 
  
Living room 
 
Bedroom 
Case 4 
 
  
Living room 
 
Bedroom 
  
Figure 5.8 Temperature comparison between measured and simulated results. 
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5.3.2 Effect of Natural Infiltration and Temperature 
When there was no ventilation, temperature difference between outdoor and indoor air 
temperature from simulation was larger than in the investigation especially in case 1, 24 
hours without ventilation. In this case, there was no ventilation schedule provided in 
modelling, thus air change rate in simulation model was assumed as a tight room or no 
infiltration. Heat that had accumulated in the room could not escape to outdoor 
environment during nighttime when outdoor air temperature was low. On the other hand, 
natural infiltration can occur all the time through the fenestration leakage area in an actual 
condition. Heat could escape from the room easier than in the simulated results, as a 
result, temperature difference between outdoor and indoor air temperature was smaller.  
 
In this dissertation, air leakage through the fenestration is not concerned due to the 
study limitation which aims at studying the effect of applying natural ventilation with 
active system on thermal comfort and cooling energy consumption from mechanical 
ventilation. Moreover, the measurement of air leakage are very difficult in practice. 
Therefore, the effect of natural infiltration will be neglected. 
 
5.3.3 Effect of Applying Mechanical Ventilation and Temperature 
Simulated results of indoor air temperature and mean radiant temperature showed the 
correspondence with the measured results when air conditioning system was applied. 
Indoor air temperature was at 25ºC as the set-point temperature of air conditioning 
system both in the field investigation and simulation. Mean radiant temperature was 
higher than indoor air temperature. Temperature difference between indoor air and 
mean radiant temperature was larger than the hours that air conditioning system was 
not applied. Although indoor air temperature reduced significantly due to the cooling 
process of an air conditioning system, but room’s surface still had high temperature. It 
is indicated that heat from room’s surfaces will radiate to the room’s air. The occupants 
can receive heat that radiate from the interior surfaces which cause the dissatisfaction 
in comfort sensation. This behavior also has an effect on the cooling load in air 
conditioning system because heat radiated from room’s surface to air will be rejected 
by the cooling process. 
82 
 
5.4 Conclusions 
EnergyPlus was selected as the tool for generating the indoor environmental factors: air 
temperature, mean radiant temperature, relative humidity, and also cooling energy 
consumption in the process of air conditioning system. Wind velocity from natural 
ventilation was calculated using the theoretical calculation of airflow rate caused by 
thermal forces and was used as the data input. These factors are necessary for indoor 
adaptive thermal comfort evaluation and cooling energy evaluation. EnergyPlus is an 
energy analysis and thermal load simulation program. Accurate prediction of space 
temperature has been developed because it is crucial to energy analysis and occupant 
comfort. However, the calibration was also conducted in order to increase the validity 
in the results. 
 
In the process of calibration, temperature was used for results comparison. Outdoor 
temperature from the international weather for energy calculations (IWEC) was used in 
simulation due to the insufficient data source for customize the weather data. The 
building descriptions regarding the specification were inputted along with the specific 
configurations of ventilation schedule. The different ventilation schedules refer to 
occupant behavior towards the use of natural ventilation through window and door 
opening, and the use of mechanical ventilation or an air conditioning system. Trend 
comparison between simulated results and measured results were conducted. The 
results indicated the correspondence between the simulated and the investigated results.   
 
In some cases, simulated results indicated higher dynamic behavior due to the influence 
of natural infiltration towards indoor air temperature. In field investigation, natural 
infiltration through the leakage area of fenestration was uncontrollable. Meanwhile, the 
room in simulation will be assumed as a tight room, as a result, room’s air temperature 
from simulation was higher than measurement results. In addition, determining rate of air 
leakage is not studied in this dissertation. The effect of natural infiltration is neglected. 
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When natural ventilation and mechanical system were applied, environmental 
temperature in simulation also showed the correspondence with measured results. For 
room with natural ventilation, indoor air temperature from the measurement was 
slightly higher than in the simulation due to the effect of insufficient ventilation during 
field measurement. In simulation, the constant airflow rate from natural ventilation is 
required which is controlled by on-off schedule, as a result, natural ventilation in 
simulation exhibited slightly greater performance than in the real situation. Moreover, 
the behavior of mean radiant temperature in simulation also showed the correspondence 
with measured results which it was slightly higher than indoor air temperature. High 
outdoor air temperature had brought into the space through insufficient natural 
ventilation. Heat from outdoor environment was absorbed and accumulated in the 
room’s surfaces and resulted in higher mean radiant temperature. Therefore, effective 
natural ventilation should be applied in order to reduce room’s surface temperature and 
enhance occupant thermal comfort. 
 
When air conditioning system was applied, indoor air temperature reduced significantly 
due to the cooling process. On the contrary, mean radiant temperature was high. 
Temperature difference between mean radiant temperature and indoor air temperature 
was large. High mean radiant temperature affect occupant thermal comfort condition due 
to heat stored in room’s surfaces radiates to occupant. Therefore, surface cooling strategy 
should be applied in order to reduce room’s surface temperature and enhance occupant 
thermal comfort. Finally, the calibrated model will be used as an initial model for 
parametric study on the factors influencing indoor thermal environment in Chapter 6.  
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CHAPTER 6 
EVALUATING THERMAL COMFORT AND COOLING ENERGY 
OF PASSIVE DESIGN STRATEGIES WITH ACTIVE SYSTEM 
 
The calibrated model from Chapter 5 will be used to perform summer design day 
simulations in which passive cooling strategies with active system are applied. Thermal 
comfort potentials of cooling strategies are determined by using the adaptive model. 
 
6.1 Factors Influencing Indoor Thermal Environment 
After validate the measured results with the simulated results, parameters influencing 
indoor thermal environment are studied. Parametric runs are simulated under summer 
design day on 21 April and winter design day on 21 December. The results can be 
shown and discussed as follows. 
 
6.1.1 Unit Height and Height-dependent Variable 
For high-rise residential building, unit height also play the role in influencing indoor 
thermal environment through the effect of atmospheric variation on outdoor wind speed 
and temperature. According to the different height, condominium zone was categorized 
as shown in Table 6.1. The schematic model for evaluating the effect of height-
dependent variable is shown in Figure 6.1. 
 
Ground zone is the representative of a podium. The mid-center and top zone are the 
representative of a tower at the mid-height and the top floor respectively. The height of 
the building is 88 m. Outdoor air temperature and wind speed from simulation program 
are measured at the zone centroid. The results of outdoor air temperature in various unit 
height can be shown in Table 6.2 and Figure 6.2. The results of wind velocity can be 
shown in Table 6.3 and Figure 6.3. Daytime and nighttime results are shown in 
appendix B1 for summer design day and C1 for winter design day. 
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Table 6.1 Condominium zones categorized by height. 
Zone Height above ground (m) Zone Height above ground (m) 
Ground 10.4 Mid-west low 41.6 
Mid-center 52.8 Mid-west measured 60.8 
Top 86.4 Mid-west high 73.6 
Note: Height is measured at the zone centroid. 
 
 
 
Note: (x,y,z) is an original co-ordinate of each zone. 
Figure 6.1 Schematic model for evaluating the effect of height-dependent variable. 
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Table 6.2 Zone average outdoor air temperature ( oT ) in different unit height. 
Design day Zone average outdoor air temperature, To (ºC) 
Ground Mid-
Center 
Top Mid-west 
low 
Mid-west 
measured 
Mid-west 
high 
21 April 31.5 31.4 31.0 31.4 31.1 31.1 
21 December 27.5 27.4 27.0 27.4 27.2 27.2 
 
 
Summer design day (21 April) 
 
 
Winter design day (21 December) 
 
Figure 6.2 Zone outdoor air temperature ( oT ) in different unit height. 
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Table 6.3 Zone average outdoor wind velocity ( oV ) in different unit height. 
Design day Zone average outdoor wind velocity, Vo (m/s) 
Ground Mid-
Center 
Top Mid-west 
low 
Mid-west 
measured 
Mid-west 
high 
21 April 2.6 3.1 4.2 3.1 3.9 3.9 
21 December 1.2 1.5 2.0 1.5 1.8 1.9 
 
 
Summer design day (21 April) 
 
 
Winter design day (21 December) 
 
Figure 6.3 Zone outdoor wind velocity ( oV ) in different unit height. 
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Outdoor air temperature in the summer design day in April was higher than the winter 
design day in December for 4ºC. The highest outdoor temperature occurred at 4:00 p.m. 
during the day. In the summer design day, high temperature prolonged the duration 
from 1:00 p.m. to 4:00 p.m. which causes the worst case day for air conditioning load. 
 
Temperature difference between ground zone (10.4 m height above ground) and top 
zone (86.4 m height above ground) were slightly low with only 0.5ºC difference. In the 
mid-height of a tower, mid-west measured zone (60.8 m height above ground or 19th 
floor) is the representative of the unit for field measurement in Chapter 4. At the level 
of 60.8 m, outdoor temperature was the same as the level of 73.6 m height above ground 
(mid-west zone high). Since the outdoor temperatures in different unit height were 
slightly different, it could be assumed that temperature varied slightly at the different 
height lower than 88.0 m (27th floor). 
 
For outdoor wind velocity, the wind speed in summer design day was higher than the 
winter design day. Under the hottest weather condition in April, outdoor wind speed 
especially during daytime can help extend the comfort range and increase the 
convective heat loss from human’s skin which make people feel cooler. Wind velocity 
difference between ground zone and top zone was larger than outdoor air temperature 
with 1.6 m/s difference. At the level of 60.8 m, outdoor wind velocity was the same as 
the level of 73.6 m height above ground which demonstrated the similar trend as in the 
results of outdoor air temperature. Regarding the large velocity difference in different 
unit height, it could be assumed that wind speed varied greatly at the different height 
lower than 88.0 m. 
 
For the evaluation of comfort zone, outdoor air temperature is the significant factor 
which has the direct effect to neutral temperature compared to wind velocity. Therefore, 
the effect of height-dependent on outdoor air temperature is mainly considered as the 
criterion in the unit selection for parametric runs. As the result, a mid-west measured 
zone at the level of 60.8 m above ground will be used as the representative of worst 
case scenario for the parametric study since the height-dependent variable showed less 
effect to the variation of outdoor air temperature in different unit height. 
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6.1.2 Solar Shading on Building Envelope 
According to the literature review in Chapter 2, a single large horizontal overhang and 
a vertical fin are considered as the best choice for implementing the exterior shading 
devices. These type of shading devices are not only obstruct the direct sun light but also 
not to obstruct the pleasant scenery view from the windows which is regarded as the 
additional market value of the condominium unit. Three cases represented the room’s 
conditions with or without shading devices are simulated which can be described below. 
Schematic model can be illustrated in Figure 6.4.  
 
    
   
 
    
Figure 6.4 The implementation of external shading devices. 
 
Base case 
Calibrated model in Chapter 5, case 1 the room without ventilation, is used as the base 
case. The existing shading devices are included in modelling. 
 
Case 1-3: Remove window or extend the balcony 
From the base case, the west-facing window is removed in case 1. Balcony is extended 
from living room to bedroom in case 2. The interior window is removed in case 3. 
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Case 4-7: Add overhang or fin 
From the base case, horizontal overhang or vertical fin are added to shade the 
fenestration area. The width of shading devices is limited at 0.9 m (similar to the 
balcony’s depth) due to the building regulations and the maximum cantilever limit 
(column and beam system). Horizontal overhang is added at 0.45 m (50% of a balcony’s 
depth) and 0.9 m depth respectively for case 4 and case 5. Meanwhile, vertical fin is 
added at 0.45 m and 0.9 m depth respectively for case 6 and case 7. 
 
Case 8-11: Add the combination between overhang with fin 
From the base case, the combination between horizontal overhang and vertical fin are 
added to shade the fenestration area. Overhang with fin are added at 0.45 m depth for 
case 8. In case 9, overhang is added at 0.9 m depth with 0.45 m fin depth. Meanwhile, 
0.45 m overhang depth with 0.9 m fin depth are added for case 10. In case 11, overhang 
with fin are added at 0.9 m depth which represent the maximum depth for shading 
device implementation as mentioned previously.  
 
The comparison of environmental temperature (EnvT) between eleven cases during 
daytime are shown in Table 6.4 and Figure 6.5 for living room. In Table 6.5 and Figure 
6.6, the results of environmental temperature in bedroom are shown. The results of 
nighttime and 24-hour average temperature are shown in appendix B2 for summer 
design day and C2 for winter design day. 
 
During summer design day, the maximum solar elevation angle is due north; south-
facing room does not receive the direct sun’s ray as in winter design day which the 
elevation angle is due south. As the results, the effect of shading device in summer 
design day was low compared to the results in winter design day. However, both of 
them showed the similar trend in environmental temperature reduction.  
  
91 
 
Table 6.4 Daytime environmental temperature as a result of shading devices 
implementation (living room). 
 To EnvT (ºC) 
 (ºC) Base case Case 1 Case 2 Case 3 Case 4 Case 5 
21 April 33.0 34.9 34.3 34.8 34.9 34.6 34.5 
21 December 28.3 31.7 31.2 31.5 31.5 31.0 30.3 
 To EnvT (ºC) 
 (ºC) Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 
21 April 33.0 34.7 34.5 34.4 34.3 34.3 34.1 
21 December 28.3 31.3 30.9 30.6 30.0 30.3 29.6 
 
Summer design day (21 April) 
 
 
Winter design day (21 December) 
 
 
Figure 6.5 Environmental temperature as a results of shading devices implementation 
(living room). 
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Table 6.5 Daytime environmental temperature as a result of shading devices 
implementation (bedroom). 
 To EnvT (ºC) 
 (ºC) Base case Case 1 Case 2 Case 3 Case 4 Case 5 
21 April 33.0 34.8 34.5 34.5 34.8 34.5 34.3 
21 December 28.3 32.7 32.5 31.9 32.8 31.5 30.4 
 To EnvT (ºC) 
 (ºC) Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 
21 April 33.0 34.7 34.6 34.4 34.2 34.2 34.0 
21 December 28.3 32.5 32.2 31.3 30.2 31.0 29.9 
 
Summer design day (21 April) 
 
 
Winter design day (21 December) 
 
 
Figure 6.6 Environmental temperature as a results of shading devices implementation 
(bedroom). 
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In summer design day, the effect of removing west-facing window (case 1) was 
equivalent to an addition of horizontal overhang or vertical fin at 0.9 m depth. Daytime 
environmental temperature could be reduced around 0.6ºC for living room and 0.3ºC 
for bedroom. On the contrary, an addition of overhang or fin showed the greater 
performance than removing west-facing window during the winter design day due to 
the sun’s ray penetrate directly through south-facing windows. Daytime environmental 
temperature could be reduced up to 1.4ºC for living room and 2.3ºC for bedroom. 
Bedroom showed the greater reduction than living room because it is composed of one 
side of an exterior wall. 
 
Interior window had no effect on the environmental temperature reduction. The effect 
of extended balcony (case 2) was lower than an addition of shading device. Compare 
to the same depth between shading by balcony and external window shading at 0.9 m 
depth, projection factor of shading by balcony (0.3) is lower than an addition of window 
shading devices (0.5). Thus, adding shading device on external window indicated the 
greater performance than extend the length of balcony. 
 
For an implementation of shading device, the effect of horizontal overhang was greater 
than vertical fin due to high solar elevation angle on south-facing window. The 
combination between horizontal overhang and vertical fin indicated the highest 
performance in environmental temperature reduction. Under the maximum depth of 0.9 
m, the environmental temperature was reduced up to 0.8ºC for summer design day and 
2.8ºC for winter design day. Moreover, daytime temperature reduction also has an 
influence on environmental temperature reduction during nighttime. 
 
6.1.3 Construction Materials 
The majority of construction materials using in high-rise condominiums are concrete 
and light weight brick. Concrete is used as an external wall and, on the other hand, light 
weight brick is used as an internal wall. The study of materials and finishes in Chapter 3 
indicated the misuse of light weight brick and reinforced concrete according to the 
thermal properties of the materials which can be shown in Table 6.6. 
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Table 6.6 Thermal properties of construction materials and finishing coat. 
Materials Thickness Properties 
  Density,  Conductivity, k Specific Heat, Cp 
 mm kg/m3 W/(m∙ºK) J/kg∙ºC 
Reinforced concrete 100 2400 1.44 920 
Light weight brick 75 800 0.20 840 
Plastering 12.5 1860 0.70 840 
 
From Table 6.6, Concrete has higher density, conductivity and specific heat capacity 
than the light weight brick, as a result, using reinforced concrete as the exterior wall 
tends to increase the possibility that the heat from outdoor environment can be 
transferred into the building rapidly. In simulation, room’s ventilation was divided into 
two cases: 1) Case A/C, air conditioning system is used during nighttime, and 2) Case 
A/C + N/V, natural ventilation is used during the non-air conditioned hours, as shown 
in Figure 6.7. These conditions are derived from the results both in field measurement 
(in Chapter 4) and simulation, see sub-topic 6.1.4 and 6.1.5, regarding the highest 
efficiency in environmental temperature reduction by using natural ventilation during 
daytime. The list of construction materials using in parametric runs can be described as 
follows, see also Figure 6.7. 
 
List of construction materials 
Base Mat – Concrete wall 12.5 cm thick 
Mat 1 – Lightweight brick wall 10 cm thick 
Mat 2 – Concrete wall 24.5 cm thick 
Mat 3 – Lightweight brick wall 17.5 cm thick 
Mat 4 – Double lightweight brick wall with air gap (thermal resistance 0.15 m2∙K/W) 
Mat 5 – Concrete wall with R11 insulation (thermal resistance is 11 m2·°C/W) 
Mat 6 – Lightweight brick wall with R11 insulation 
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In general, improving the thermal insulation performance of exterior wall can help 
reduce cooling energy consumed in air conditioning system especially during daytime 
occupancy. However, when natural ventilation is proposed to be used during daytime 
in order to reduce the air conditioner usage time, the effect of improving the thermal 
insulation performance is different. Material selection for exterior wall should be re-
considered in order to find the optimized benefits for indoor temperature. 
 
The results of daytime environmental temperature (EnvT) under the condition of using 
natural ventilation and air conditioning system (case A/C + NV) are shown in Table 6.7 
and Figure 6.8 for living room. In Table 6.8 and Figure 6.9, the results of environmental 
temperature in bedroom are shown. For the results of environmental temperature under 
the condition of using air conditioning system only and cooling energy consumption 
are shown in appendix B3 for summer design day and C3 for winter design day. 
 
 
Room’s ventilation: Case A/C + N/V 
 
    
Base Mat Mat 1 Mat 2 Mat 3 
Plaster Plaster Plaster Plaster 
Concrete Lightweith brick Concrete Lightweigt brick 
Plaster 
 
Plaster Plaster Plaster 
 
   
Mat 4 Mat 5 Mat 6 
Plaster Plaster Plaster 
Lightweight brick Concrete Lightweight brick 
Air Gap Insulation R11 Insulation R11 
Lightweight brick Plywood Plywood 
Plater   
Figure 6.7 Parametric study on construction materials. 
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Table 6.7 Daytime environmental temperature as a result of changing construction 
materials (living room). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
21 April 33.0 33.4 33.3 33.1 32.8 32.8 33.0 33.0 
21 December 28.3 29.9 30.2 29.7 29.8 29.8 30.3 30.3 
 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
 
Figure 6.8 Environmental temperature as a result of changing construction materials 
(living room). 
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Table 6.8 Daytime environmental temperature as a result of changing construction 
materials (bedroom). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
21 April 33.0 32.1 31.9 32.0 31.7 31.7 31.7 31.7 
21 December 28.3 29.9 29.9 29.8 29.7 29.7 29.8 29.8 
 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
 
Figure 6.9 Environmental temperature as a result of changing construction materials 
(bedroom). 
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In living room, the effect of changing construction materials indicated higher dynamic 
behavior than in bedroom because it’s comprised of three exterior walls. Thus, 
environmental temperature reduction were greater than the bedroom’s results. During 
design day, the improvement of material’s conductivity by changing exterior 
construction material from concrete to light weight brick showed the greater 
performance. Environmental temperature was reduced slightly with the all day average 
temperature reduction of 0.5ºC for living room and 0.2ºC for bedroom. 
 
Improving material’s resistance by using thermal mass for exterior wall showed the 
best performance in environmental temperature reduction during daytime. Daytime 
environmental temperature was reduced up to 0.3ºC for living room and 0.6ºC for 
bedroom (summer design day). However, heat that has stored inside the mass during 
daytime will slowly enter the space during nighttime, as a result, environmental 
temperature increased which resulted in an increasing of cooling energy. 
 
Adding air cavity (air gap) between two layers of wall (lightweight brick) resulted in 
the similar performance in environmental temperature reduction as thermal mass 
(lightweight brick). Although adding air cavity help reduce environmental temperature 
and reduce cooling load, but the saleable area will be reduced due to the increasing in 
construction materials thickness which also effect the higher-cost investment in 
building construction. 
 
Improving thermal resistance by adding insulation also showed the better performance 
in environmental temperature reduction than using concrete wall. However, when the 
solar elevation angle is due south (8 months include winter design day on 21 
December), the excessive heat has entered the space through glazing window, as a 
results, heat was stored and trapped inside the room. Room’s heat loss to outdoor 
environment will occur slowly due to high thermal resistance of an exterior wall. Unlike 
other materials, heat gain and loss occur rapidly using concrete (12.5 cm thickness) as 
the exterior wall.  
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An improvement of high thermal resistance for the external wall showed slightly reduction 
in room’s environmental temperature during daytime coupled with the heat was trapped 
inside the room. Moreover, the additional thickness of construction material and insulation 
has an effect on saleable area reduction and the higher-cost investment in building 
construction. Therefore, concrete wall 12.5 cm thickness should be used for the residential 
unit that natural ventilation is used during daytime and air conditioning system is used 
during nighttime. 
 
In addition, the majority of external glazing materials used in economy to upper class 
condominium is green float glass 6 mm thickness which has poor thermal properties 
compared to high efficiency glazing material. However, using high efficiency glazing 
material results in higher price per square meter. Thus, the effect of shading the external 
opening (glazed window and door), as mentioned in previous topic, are studied instead. 
 
6.1.4 Occupied Period and Thermal Adaptation using Natural Ventilation (N/V) 
The difference in occupied periods: daytime, nighttime, and all day, towards occupants 
thermal adaptation through the use of natural ventilation was studied. The effective 
natural ventilation through an opening (flow caused by wind only) was assumed 
(described in 6.2 Integrated passive design strategies with active system for evaluation). 
Parameter runs are described below. The implementation of effective natural ventilation in 
different occupied periods can be illustrated in Figure 6.10. 
 
Base case: Non-ventilated room  
Calibrated model in Chapter 5, case 1: non-ventilated room, is used as the base case. 
The existing exterior wall construction material, concrete 12.5 mm thickness, is 
included in modelling. 
 
Case N/V-1: Daytime natural ventilated room 
Natural ventilation is used during daytime (6:00 a.m. to 6:00 p.m.). 
 
Case N/V-2: Nighttime natural ventilated room 
Natural ventilation is used during nighttime (6:00 p.m. to 6:00 a.m.). 
 
Case N/V-3: 24 hours naturally ventilated room 
Natural ventilation is used for 24 hours of occupancy. 
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Base case: Non-ventilated room 
 
Case N/V-1: Daytime natural ventilated room 
  
Case N/V-2: Nighttime natural ventilated room 
 
Case N/V-3: 24 hours naturally ventilated room 
Figure 6.10 The implementation of effective natural ventilation in different occupied 
periods. 
 
Environmental temperature as a result of applying natural ventilation in a different 
occupied periods are shown in Table 6.9 and Figure 6.11 for living room. In Table 6.10 
and Figure 6.12, the results of environmental temperature in bedroom are shown. For 
the results of environmental temperature during daytime and nighttime are shown in 
appendix B4 for summer design day and C4 for winter design day. 
 
The results showed that applying natural ventilation could reduce the environmental 
temperature compared to the result of non-ventilated room. The results in winter design 
day indicated the greater performance in environmental temperature reduction than 
during summer design day due to the lower temperature of outdoor air. Therefore, lower 
outdoor air temperature is preferable to higher outdoor air temperature. 
 
During summer design day, daytime environmental temperature could be slightly 
reduced below outdoor air temperature from 11:00 a.m. to 14:00 a.m. because the solar 
elevation angle is due north which the sun’s ray cannot penetrate directly into the rooms 
(exterior wall facing south and west direction). On the other hand, an excessive sun’s 
ray can penetrate through an opening during winter design day because the solar 
elevation angle is due south. Thus, room’s air temperature was higher than during 
summer design day. 
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Table 6.9 24-hours average environmental temperature as a result of applying effective 
natural ventilation in different occupied periods (living room). 
 To EnvT (ºC) 
 (ºC) Base case Case N/V-1 Case N/V-2 Case N/V-3 
21 April 31.0 34.4 33.6 32.4 32.1 
21 December 27.0 31.4 29.8 28.9 28.3 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
 
Figure 6.11 Environmental temperature as a result of applying effective natural 
ventilation in different occupied periods (living room). 
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Table 6.10 Environmental temperature as a result of applying effective natural 
ventilation in different occupied periods (bedroom). 
 To EnvT (ºC) 
 (ºC) Base case Case N/V-1 Case N/V-2 Case N/V-3 
21 April 31.0 34.4 33.4 31.9 31.8 
21 December 27.0 32.3 29.7 28.8 28.0 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
 
Figure 6.12 Environmental temperature as a result of applying effective natural 
ventilation in different occupied periods (bedroom). 
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The room with one side of exterior wall, bedroom, indicated the greater reduction in 
environmental temperature than the result of living room which is composed of three 
sides of an exterior wall. When effective natural ventilation is applied for all day (case 
N/V-3), the result showed the greatest reduction in environmental temperature. 
Environmental temperature could be reduced up to 3.1ºC for living room and 4.3ºC for 
bedroom (under the condition of winter design day) compared to a non-ventilated room. 
 
When effective natural ventilation is applied during nighttime (case N/V-2), the result 
also showed the similar trend as in case N/V-3, 24-hours naturally ventilated room. 
Environmental temperature could be reduced up to 2.5ºC for living room and 3.5ºC for 
bedroom (under the condition of winter design day) compared to a non-ventilated room. 
However, nighttime using natural ventilation is resulted in an increasing of indoor 
humidity as shown in Table 6.11 (see also appendix B4 for summer design day and C4 
for winter design day). Moreover, outdoor wind velocity was low during nighttime, see 
subtopic 6.1.1. Therefore, indoor comfort sensation might be inadequate due to high 
humidity and low outdoor wind velocity. 
 
Table 6.11 Nighttime indoor relative humidity as a result of applying effective natural 
ventilation in different occupied periods. 
 RH (%) in living room RH (%) in bedroom 
 Case N/V-1 Case N/V-2 Case N/V-3 Case N/V-1 Case N/V-2 Case N/V-3 
21 April 56.6 75.3 75.6 57.1 75.4 75.7 
21 December 45.1 59.1 59.4 45.4 59.1 59.4 
 
As a result, daytime using natural ventilation is preferable. Environmental temperature 
could be reduced up to 1.6ºC for living room and 2.6ºC for bedroom. With humidity 
lower than nighttime, indoor thermal comfort might be able to achieve. In addition, 
higher outdoor wind velocity during daytime helps increasing indoor wind velocity, 
thus extends comfort range to higher temperature. 
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6.1.5 Occupied Period and Thermal Adaptation using Natural Ventilation (N/V) 
with Air Conditioning System (A/C) 
The difference in occupied periods: daytime, nighttime, and all day, towards occupants 
thermal adaptation through the use of natural ventilation with air conditioning system 
was studied. The effective natural ventilation through an opening (flow caused by wind 
only) was assumed (described in 6.2 Integrated passive design strategies with active 
system for evaluation). Parameter runs are described below. The implementation of 
effective natural ventilation with air conditioning system in different occupied periods 
can be illustrated in Figure 6.13. 
 
   
Case A/C-1: 
Daytime occupancy 
 
Case A/C-2: 
Nighttime occupancy 
 
Case A/C-3: 
All day occupancy 
 
   
Case N/V + A/C-1: 
Daytime occupancy 
Case N/V + A/C-2: 
Nighttime occupancy 
Case N/V + A/C-3: 
All day occupancy 
Figure 6.13 The implementation of effective natural ventilation with air conditioning 
system in different occupied periods. 
 
Daytime occupancy 
Case A/C-1: Air conditioning system is used in living room during daytime. Bedroom 
is assumed to be unoccupied, thus no ventilation provide during unoccupied period. 
 
Case N/V + A/C-1: For living room, air conditioning system is used during daytime 
and natural ventilation is used during nighttime. As a daytime occupancy, bedroom is 
assumed to be unoccupied. However, only natural ventilation is applied in bedroom for 
24 hours. 
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Nighttime occupancy 
Case A/C-2: Air conditioning system is used in living room during nighttime from 6:00 
p.m. to 9:00 p.m. For bedroom, air conditioning system is used from 9:00 p.m. to 6:00 
a.m. There is no ventilation provided during non-air conditioned hours. 
 
Case N/V + A/C-2: For living room, air conditioning system is used during nighttime 
from 6:00 p.m. to 9:00 p.m. Natural ventilation is used during daytime from 6:00 a.m. to 
6:00 p.m. and during nighttime from 9:00 p.m. to 6:00 a.m. For bedroom, air conditioning 
system is used during nighttime from 9:00 p.m. to 6:00 a.m. Natural ventilation is used 
from 6:00 a.m. to 9:00 p.m. 
 
All day occupancy 
Case A/C-3: Air conditioning system is used in living room from 6:00 a.m. to 9:00 p.m. 
For bedroom, air conditioning system is used from 9:00 p.m. to 6:00 a.m. There is no 
ventilation provided during non-air conditioned hours. 
 
Case N/V + A/C-3: For living room, air conditioning system is used from 6:00 a.m. to 
9:00 p.m. Natural ventilation is used at night from 9:00 p.m. to 6:00 a.m. For bedroom, 
air conditioning system is used during nighttime from 9:00 p.m. to 6:00 a.m. Natural 
ventilation is used from 6:00 a.m. to 9:00 p.m. 
 
Environmental temperatures as a result of applying natural ventilation with air 
conditioning system in a different occupied periods are shown in Table 6.12 and Figure 
6.14 for living room. In Table 6.13 and Figure 6.15, the results of environmental 
temperature in bedroom are shown. Cooling energy consumed by air conditioning 
system is shown in Table 6.14. For the results of environmental temperature in different 
occupied periods are shown in appendix B5 for summer design day and C5 for winter 
design day. 
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Table 6.12 Environmental temperature as a result of applying effective natural 
ventilation with air conditioning system in different occupied periods (living room). 
 EnvT (ºC) 
Occupied periods Daytime Nighttime All day 
Case A/C-1 N/V + A/C-1 A/C-2 N/V + A/C-2 A/C-3 N/V + A/C-3 
21 April 29.2 29.1 31.2 30.7 29.3 29.2 
21 December 27.8 27.6 29.0 28.3 27.7 27.5 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
Figure 6.14 Environmental temperature as a result of applying effective natural 
ventilation with air conditioning system in nighttime occupied period (living room). 
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Table 6.13 Environmental temperature as a result of applying effective natural 
ventilation with air conditioning system in different occupied periods (bedroom). 
 EnvT (ºC) 
Occupied periods Daytime* Nighttime All day* 
Case A/C-1 N/V + A/C-1 A/C-2 N/V + A/C-2 A/C-3 N/V + A/C-3 
21 April 32.6 32.4 29.2 29.1 29.5 29.7 
21 December 31.3 30.0 28.3 27.9 28.8 28.5 
Note: *In bedroom, air conditioning system is not used during daytime. 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
Figure 6.15 Environmental temperature as a result of applying effective natural 
ventilation with air conditioning system in nighttime occupied period (bedroom). 
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Table 6.14 Cooling load as a result of applying effective natural ventilation with air 
conditioning system. 
 Cooling energy per area (J/m2) – 21 April 
Occupancy periods Daytime Nighttime All day 
 Living Bed Living Bed Living Bed 
A/C 322,756 - 422,881 252,334 294,526 204,025 
A/C + N/V 326,985 - 443,906 263,819 308,755 224,282 
 Cooling energy per area (J/m2) – 21 December 
Occupancy periods Daytime Nighttime All day 
 Living Bed Living Bed Living Bed 
A/C 220,323 - 326,396 194,883 204,396 162,351 
A/C + N/V 203,257 - 316,015 173,443 198,074 153,026 
 
For daytime occupancy, only living room is occupied with air conditioning usage. The 
environmental was slightly reduced when effective natural ventilation is provided during 
non-air conditioned hours. Daytime environmental temperature in living room decreased 
for 0.2ºC. Meanwhile, daytime environmental temperature in bedroom showed the 
greatest reduction for 1.3ºC due to the effect of naturally ventilated room (effective 
natural ventilation is provided for 24 hours). Cooling energy, from air conditioning 
process, increased for 4,229 J/m2 on summer design day due to the effect of high outdoor 
air temperature which has brought into the rooms during natural ventilated hours. Heat 
stored in the wall, floor, and ceiling, coupled with high humidity have resulted in an 
increasing of cooling load when air conditioning system is applied. On the other hand, 
cooling energy decreased for 17,066 J/m2 on winter design day which outdoor air 
temperature is low. However, daytime occupancy is not the practical usage scenario for 
residential building, thus nighttime occupancy and all day occupancy were studied. 
 
Nighttime occupancy, air conditioning system is used during nighttime, showed the 
greatest performance in environmental temperature reduction when effective natural 
ventilation is provided during non-air conditioned hours. Nighttime environmental 
temperature could be reduced up to 0.7ºC for living room and 0.4ºC for bedroom. In 
this case, effective natural ventilation is provided during daytime for both living room 
and bedroom, as a result, environmental temperature during daytime was reduced up to 
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0.3ºC on summer design day and 0.9ºC on winter design day, see appendix B5 and C5. 
The effect of high outdoor temperature that has brought into the rooms for ventilation, 
as mentioned previously, Cooling energy on summer design day increased for 32,510 
J/m2. Cooling energy on winter design day decreased for 31,821 J/m2. This case 
indicated the performance of using natural ventilation during daytime which has an 
effect on environmental temperature and cooling energy reduction.   
 
For all day occupancy, air conditioning system is used during daytime and nighttime. The 
occupied pattern is the combination between daytime and nighttime occupancy. Living 
room’s environmental temperature was slightly reduced while bedroom’s environmental 
temperature rose up higher when effective natural ventilation is provided due to the effect 
of high outdoor air temperature during summer design day. Cooling energy also increased 
for 34,486 J/m2, higher than the result of nighttime occupancy. Meanwhile, cooling 
energy on winter design day decreased for 15,647 J/m2, less than the result of nighttime 
occupancy. 
 
Therefore, applying effective natural ventilation with air conditioning system usage 
during nighttime indicated the greatest performance in environmental temperature 
reduction. However, when natural ventilation is applied, high outdoor air temperature and 
humidity have resulted in an increasing of cooling energy in air conditioning process. 
 
6.1.6 Occupied Period and Thermal Adaptation using Natural Ventilation (N/V) 
with Radiant Cooling System (RAD) 
The difference in occupied periods: daytime, nighttime, and all day, towards occupants 
thermal adaptation through the use of natural ventilation with radiant cooling system 
was studied. In this study, floor radiant cooling system is selected because floor is the 
room’s surface that is closest to the level for seated occupants. Supplied cooling water 
temperature is controlled at 25ºC. The effective natural ventilation through an opening 
(flow caused by wind only) was assumed (described in 6.2 Integrated passive design 
strategies with active system for evaluation). Parameter run can be described below. 
The implementation of effective natural ventilation with radiant cooling system in 
different occupied periods can be illustrated in Figure 6.16. 
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Case RAD-1: 
Daytime occupancy 
 
Case RAD-2: 
Nighttime occupancy 
 
Case RAD-3: 
All day occupancy 
 
   
Case N/V + RAD-1: 
Daytime occupancy 
Case N/V + RAD-2: 
Nighttime occupancy 
Case N/V + RAD-3: 
All day occupancy 
Figure 6.16 The implementation of effective natural ventilation with radiant cooling 
system in different occupied periods. 
 
Daytime occupancy 
Case RAD-1: Radiant cooling system is used in living room during daytime. Bedroom 
is assumed to be unoccupied, thus no ventilation provide during unoccupied period. 
 
Case N/V + RAD-1: For living room, radiant cooling system is used during daytime 
and natural ventilation is used during nighttime. As a daytime occupancy, bedroom is 
assumed to be unoccupied. However, only natural ventilation is applied in bedroom for 
24 hours. 
 
Nighttime occupancy 
Case RAD-2: Radiant cooling system is used in living room during nighttime from 6:00 
p.m. to 9:00 p.m. For bedroom, radiant cooling system is used from 9:00 p.m. to 6:00 
a.m. There is no ventilation provided during non-radiant cooling hours. 
 
Case N/V + RAD-2: For living room, radiant cooling system is used during nighttime 
from 6:00 p.m. to 9:00 p.m. Natural ventilation is used during daytime from 6:00 a.m. 
to 6:00 p.m. and during nighttime from 9:00 p.m. to 6:00 a.m. For bedroom, radiant 
cooling system is used during nighttime from 9:00 p.m. to 6:00 a.m. Natural ventilation 
is used from 6:00 a.m. to 9:00 p.m. 
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All day occupancy 
Case RAD-3: Radiant cooling system is used in living room from 6:00 a.m. to 9:00 p.m. 
For bedroom, radiant cooling system is used from 9:00 p.m. to 6:00 a.m. There is no 
ventilation provided during non-radiant cooling hours. 
 
Case N/V + RAD-3: For living room, radiant cooling system is used from 6:00 a.m. to 
9:00 p.m. Natural ventilation is used at night from 9:00 p.m. to 6:00 a.m. For bedroom, 
radiant cooling system is used during nighttime from 9:00 p.m. to 6:00 a.m. Natural 
ventilation is used from 6:00 a.m. to 9:00 p.m. 
 
Environmental temperatures as a result of applying natural ventilation with radiant 
cooling system in a different occupied periods are shown in Table 6.15 and Figure 6.17 
for living room. In Table 6.16 and Figure 6.18, the results of environmental temperature 
in bedroom are shown. Cooling energy consumed by radiant cooling system is shown 
in Table 6.17. For the results of environmental temperature in different occupied 
periods are shown in appendix B6 for summer design day and C6 for winter design day. 
 
For daytime occupancy, only living room is occupied using radiant cooling system for 
ventilation. The environmental temperature was slightly higher when effective natural 
ventilation is provided. Daytime environmental temperature in living room slightly 
increased for 0.3ºC on summer design day due to the effect of high outdoor air 
temperature. Meanwhile, daytime environmental temperature in bedroom showed the 
greatest reduction for 1.2ºC due to the effect of naturally ventilated room (effective 
natural ventilation is provided for 24 hours). Cooling energy decreased for 47,571 J/m2 
on summer design day and 13,307 J/m2 on winter design day. Cooling process of radiant 
cooling system is different from the conventional air conditioner. An air conditioning 
system controls air temperature and humidity but radiant cooling system controls 
surface’s temperature, as a result, cooling energy decreased. However, daytime 
occupancy is not the practical usage scenario for residential building, thus nighttime 
occupancy and all day occupancy were studied. 
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Table 6.15 Environmental temperature as a result of applying effective natural 
ventilation with radiant cooling system in different occupied periods (living room). 
 EnvT (ºC) 
Occupied periods Daytime Nighttime All day 
Case RAD-1 N/V + RAD-1 RAD-2 N/V + RAD-2 RAD-3 N/V + RAD-3 
21 April 31.9 32.2 31.5 31.0 31.2 31.5 
21 December 29.0 28.6 28.6 28.0 28.5 28.1 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
Figure 6.17 Environmental temperature as a result of applying effective natural 
ventilation with radiant cooling system in nighttime occupied period (living room). 
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Table 6.16 Environmental temperature as a result of applying effective natural 
ventilation with radiant cooling system in different occupied periods (bedroom). 
 EnvT (ºC) 
Occupied periods Daytime* Nighttime All day* 
Case RAD-1 N/V + RAD-1 RAD -2 N/V + RAD-2 RAD -3 N/V + RAD-3 
21 April 33.7 33.3 30.9 30.6 31.2 31.3 
21 December 31.4 30.2 28.9 28.4 29.5 29.0 
Note: *In bedroom, air conditioning system is not used during daytime. 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
Figure 6.18 Environmental temperature as a result of applying effective natural 
ventilation with radiant cooling system in nighttime occupied period (bedroom). 
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Table 6.17 Cooling load as a result of applying effective natural ventilation with radiant 
cooling system. 
 Cooling energy per area (J/m2) – 21 April 
Occupancy periods Daytime Nighttime All day 
 Living Bed Living Bed Living Bed 
A/C 212,947 - 420,251 179,740 191,327 164,634 
A/C + N/V 165,376 - 408,659 172,453 147,669 164,475 
 Cooling energy per area (J/m2) – 21 December 
Occupancy periods Daytime Nighttime All day 
 Living Bed Living Bed Living Bed 
A/C 137,716 - 306,615 121,428 124,258 115,574 
A/C + N/V 124,409 - 287,225 105,596 117,715 102,968 
 
Nighttime occupancy, radiant cooling system is used during nighttime, showed the 
greatest performance in the environmental temperature reduction when effective 
natural ventilation is provided. Nighttime environmental temperature could be reduced 
up to 0.6ºC for living room and 0.5ºC for bedroom. In this case, effective natural 
ventilation is provided during daytime for both living room and bedroom, as a result, 
environmental temperature during daytime was slightly reduced for 0.3ºC on summer 
design day and 0.1ºC on winter design day, see appendix B6 and C6. With natural 
ventilation is applied during daytime, cooling energy on summer design day decreased 
for 18,879 J/m2. Cooling energy on winter design day also decreased for 35,222 J/m2. 
This case indicated the performance of using natural ventilation during daytime which 
has an effect on environmental temperature and cooling energy reduction. 
 
For all day occupancy, radiant cooling system is used during daytime and nighttime. The 
occupied pattern is the combination between daytime and nighttime occupancy. 
Environmental temperature slightly increased when effective natural ventilation is 
provided due to the effect of high outdoor air temperature during summer design day. 
Cooling energy decrease for 43,499 J/m2 on summer design day and 19,149 J/m2 on 
winter design day, higher than the result of nighttime occupancy. 
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Therefore, applying effective natural ventilation with radiant cooling system usage 
during nighttime indicated the greatest performance in environmental temperature 
reduction. However, high outdoor air temperature, which has brought into the room for 
ventilation, has resulted in the increasing of environmental temperature. 
 
6.2 Integrated Passive Design Strategies with Active System for Evaluation 
From the parametric study and discussion in the previous topic, the best case from each 
strategy towards the environmental and cooling energy reduction were selected. The 
integrated strategies regarding the three-tier design approach to achieve sustainable 
building and thermal comfort were described as follows. 
 
Heat avoidance Strategy 
Heat avoidance strategy can be shown in Figure 6.19. From the study on factors 
influencing indoor thermal environment, it was found that only remove west-facing 
window (case 1) indicated the high performance in environmental temperature 
reduction which equivalent to an addition of horizontal overhang or vertical fin at 0.9 m 
depth. Daytime environmental temperature could be reduced up to 0.6ºC. 
 
For an implementation of shading device, the combination between horizontal 
overhang and vertical fin indicated the highest performance in environmental 
temperature reduction. Under the maximum depth of 0.9 m, the environmental 
temperature was reduced up to 2.8ºC. The effect of horizontal overhang was greater than 
vertical fin due to high solar elevation angle on south-facing window. 
 
For exterior wall construction material, using concrete 12.5 cm thickness (Base Mat) 
indicated the highest thermal performance for the residential unit that natural ventilation is 
used during daytime and air conditioning system is used during nighttime. High thermal 
resistance materials could slightly reduce environmental temperature during daytime and 
heat was trapped inside the room. Moreover, the additional thickness of construction 
material and insulation has an effect on saleable area reduction and the higher-cost 
investment in building construction. Therefore, concrete 12.5 cm thickness is preferable.  
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Remove west-facing Apply horizontal overhang Base Mat 
window with vertical fin Plaster 
 (0.9 m depth) Concrete 
  Plaster 
Figure 6.19 Heat avoidance strategies for evaluation. 
 
Passive cooling Strategy 
In order to reduce the energy consumed in air conditioning process, natural ventilation 
should be used as the main cooling strategy. According to the results and discussions 
in previous topic, daytime using natural ventilation showed the greatest performance in 
environmental temperature reduction. Environmental temperature could be reduced up 
to 2.6ºC. With humidity lower than nighttime, thermal comfort might be able to 
achieve. In addition, higher outdoor wind velocity during daytime helps increasing 
indoor wind velocity, thus extends comfort range to higher temperature. 
 
An opening area usually depends on the room’s width which also effects an openable 
area of window. For effective natural ventilation through opening windows and doors, 
the effect of flow caused by wind only is assumed by using equation 6.1 (ASHRAE, 
2013a). 
 
AUCQ
v
   [Eqn. 6.1] 
 
Where Q is the airflow rate (m3/s); vC  denotes an effectiveness of openings which is 
assumed to be 0.35 for diagonal winds; A  is free area of inlet openings (m2); U  is wind 
speed (m/s). From theoretical calculation, design flow rate in living room is set at 2.9 
m3/s and 2.0 m3/s for bedroom. 
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Mechanical Cooling or Active Cooling Strategy  
When natural ventilation is insufficient to maintain comfort environment at night due 
to the effect of high humidity, active cooling system is an alternative. However, an 
addition of active cooling system in the residential building, where natural ventilation 
is mainly applied for energy saving purpose, tends to increase cooling energy due to 
heat stored in the wall, floor, and ceiling, coupled with high humidity from outdoor air. 
 
From the discussions in previous topic, applying effective natural ventilation along with 
active system is used during nighttime indicated the greatest performance in 
environmental temperature reduction. Regarding this mode of ventilation, air 
conditioning system and radiant cooling system showed the similar performance. In 
case of air conditioning system, air temperature and humidity are controlled in cooling 
process. Excessive heat stored in the wall, floor, and ceiling, coupled with high 
humidity from outdoor environment, which has entered the room through natural 
ventilation, will be removed from the room, as a result, cooling load tends to increase. 
Meanwhile, using radiant cooling system indicated the greater performance in cooling 
energy reduction. The system uses temperature-controlled surface to indirectly cool the 
indoor air, as a result, cooling performance of radiant cooling system is slightly lower 
than the conventional air conditioning system to some extent. 
 
In order to validate the result, two options of active system were studied. In option 1, 
natural ventilation is used along with the conventional air conditioning system is 
applied during nighttime. In option 2, natural ventilation is used along with the radiant 
cooling system is applied during nighttime. Simulation runs for two options of active 
system can be illustrated in Figure 6.20.  
 
  
Option 1: Natural ventilation with 
air conditioning system 
Option 2: Natural ventilated with 
radiant cooling system 
Figure 6.20 Two options of active cooling system used during nighttime. 
118 
 
6.3  Indoor Thermal Comfort Evaluation and Cooling Energy Consumption 
Average outdoor air temperature and comfort zone on summer design day and winter 
design day are simulated. Environmental temperature and thermal comfort performance 
along with the cooling energy consumption are also given in details. 
 
6.3.1 Average Outdoor Air Temperature and Comfort Zone 
Outdoor air temperature, comfort zone on summer design day (21 April) and winter 
design day (21 December) are shown in Table 6.18 and Figure 6.21. The extension of 
upper limit of comfort ranges under different indoor wind velocities are also shown in 
Table 6.18. The results showed that outdoor air temperature on summer design day stayed 
mostly outside comfort zone. During nighttime, outdoor air temperature (Toav) slightly 
dropped down under the upper limit of comfort range (Tu) only 0.2ºC. Daytime outdoor 
air temperature was higher than the upper limit of comfort range for 2.7ºC, larger than 
the result on winter design day. Outdoor air temperature on winter design day mostly 
stayed in comfort zone. Daytime temperature slightly lower than upper limit of comfort 
range for 0.6ºC. Outdoor temperature rose up outside comfort zone with the highest 
temperature occurred at 4 p.m. However, low temperature on winter design day indicated 
a preferred scenario for thermal comfort and cooling energy saving. Meanwhile, high 
outdoor air temperature during summer design day indicated the most severe scenario of 
comfort sensations and cooling energy consumption.  
 
Although outdoor air temperature on summer design day mostly stayed outside comfort 
range, but with the wind movement, the upper limit of comfort zone can be extended 
(Tu(v=x)). Indoor air velocity is predicted varied from 0.5 m/s to 2.0 m/s, the applicable 
range for indoor wind speed used in warm climatic region. On summer design day, high 
wind speed at 1.5 m/s could extend the comfort range while lower speed at 1.0 m/s 
could extend the comfort range during winter design day. Outdoor wind speed in 
Bangkok is low with the annual velocity of 1.0 m/s. The effect of air flow caused by 
wind only might be ineffective. Therefore, electric fan or ceiling fan should be used in 
order to increase indoor wind speed for maintaining comfort sensation when natural 
ventilation is applied. 
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Table 6.18 Average outdoor air temperature and comfort zone. 
 Toav 
(ºC) 
Comfort zone (21 April) Tu(v=x) (ºC) 
 Tn (ºC) Tl (ºC) Tu (ºC) V=0.5 V=1.0 V=1.5 V=2.0 
Daytime 33.0 27.8 25.3 30.3 32.0 34.1 35.4 35.9 
Nighttime 28.9 26.6 24.1 29.1 30.7 32.8 34.2 34.7 
 Toav 
(ºC) 
Comfort zone (21 December) Tu(v=x) (ºC) 
 Tn (ºC) Tl (ºC) Tu (ºC) V=0.5 V=1.0 V=1.5 V=2.0 
Daytime 28.3 26.4 23.9 28.9 30.5 32.6 34.0 34.5 
Nighttime 25.8 25.6 23.1 28.1 29.7 31.9 33.2 33.7 
 
Summer design day (21 April) 
 
 
 
Winter design day (21 December) 
 
 
 
Figure 6.21 Average outdoor air temperature and comfort zone. 
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6.3.2 Environmental Temperature and Thermal Comfort Performance 
Integrated passive strategy with active systems derived from topic 6.2 are studied. In 
order to validate the result of using natural ventilation along with active cooling system 
towards indoor environmental temperature and cooling energy performance, two 
different cooling processes of active system are clarified. In option 1, natural ventilation 
is used along with the conventional air conditioning system is applied during nighttime. 
In option 2, natural ventilation is used along with the radiant cooling system is applied 
during nighttime. The results are shown and discussed as follows. 
 
Daytime thermal performance 
Daytime maximum environmental temperature as a result of option 1: applying natural 
ventilation with air conditioning system and option 2: applying natural ventilation with 
radiant cooling system are shown in Table 6.19 for summer design day and Table 6.20 
for winter design day. Daytime maximum environmental temperature on summer and 
winter design day are shown in Figure 6.22. 
 
Table 6.19 Daytime maximum environmental temperature and standard effective 
temperature on summer design day (21 April). 
 Living room Bedroom 
 MRT DBT EnvT SET MRT DBT EnvT SET 
 (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) 
Option 1 34.9 35.3 35.1 35.0 33.6 35.2 34.1 34.1 
Option 2 35.4 35.3 35.3 35.1 34.2 35.2 34.5 34.4 
 
Table 6.20 Daytime maximum environmental temperature and standard effective 
temperature on winter design day (21 December). 
 Living room Bedroom 
 MRT DBT EnvT SET MRT DBT EnvT SET 
 (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) 
Option 1 31.3 31.3 31.3 30.4 30.1 31.7 30.7 29.8 
Option 2 31.8 31.4 31.7 30.8 30.5 31.7 30.9 29.9 
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Summer design day (21 April) 
 
 
 
 
 
Option 1: Natural ventilation with 
air conditioning system 
 
Option 2: Natural ventilated with 
radiant cooling system 
 
Winter design day (21 December) 
 
 
 
 
 
Option 1: Natural ventilation with 
air conditioning system 
 
Option 2: Natural ventilated with 
radiant cooling system 
 
 
 
Figure 6.22 Daytime maximum environmental temperature on summer and winter 
design day. 
 
During daytime, natural ventilation is applied. Room’s maximum temperature occurred 
around 4:00 p.m. to 5:00 p.m.; outdoor maximum temperature also occurred at 4:00 
p.m. This behavior indicates the effect of concrete wall 12.5 cm thickness. Using low 
heat capacity material allows heat to pass through rapidly without time lag. Moreover, 
using natural ventilation during daytime also allow heat to enter indoor space directly; 
indoor air temperature was equivalent to outdoor air temperature, see appendix D. Low 
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outdoor air temperature during winter design day resulted in low indoor air temperature 
compared to the condition of summer design day. Therefore, low outdoor air 
temperature is preferable for natural ventilation. 
 
Natural ventilation offsets higher temperature by increased air motion. Under the 
maximum indoor temperature, the environmental temperature could be dragged into 
comfort zone under high indoor wind velocity of 1.5 m/s during summer design day 
and 1.0 m/s during winter design day. In order to maintain indoor air motion, ceiling 
fan or electric fan should be used under naturally ventilation especially during winter 
design day when outdoor wind velocity is low. 
 
On summer design day, standard effective temperature (SET) was almost equivalent to 
environmental temperature (EnvT) due to the effect of indoor humidity. Under the 
condition of 50% relative humidity (RH), people feel exactly equal to the temperature 
of the surrounding environment. Therefore, they could felt equal to the actual 
environmental temperature. On the other hand, humidity at daytime maximum 
temperature of winter design day was lower than 50% RH (also lower than humidity at 
daytime maximum temperature of summer design day), thus, people could feel slightly 
cooler than the actual environmental temperature for 0.9ºC to 1.0ºC. Using natural 
ventilation during daytime is preferable to nighttime due to lower humidity. 
 
Nighttime thermal performance 
Active system is applied during nighttime: from 6:00 p.m. to 9:00 p.m. (3 hours) for 
living room, and from 9:00 p.m. to 6:00 a.m. (9 hours) for bedroom. For the 
conventional air condition system, option 1, thermostat set-point is 25ºC. In the same 
way, cooling water supply for radiant cooling floor is set at 25ºC. Environmental 
temperature during active system usage are shown in appendix D. When air 
conditioning system was used, cooling process directly reduced indoor air temperature 
but not the room’s surface, as a result, room’s surface temperature was high. In warm 
climatic region, mean radiant temperature is twice as significant as dry-bulb 
temperature. Therefore, room’s environmental temperature was high even when air 
conditioning system was used. 
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Using radiant cooling system could reduce room’s surface temperature. Compare to an 
air conditioning system, radiant cooling system could slightly reduce mean radiant 
temperature around 0.1ºC to 0.4ºC. Meanwhile, air temperature was not be able to 
reduce in the large amount as using air conditioning system. It was maintained close to 
mean radiant temperature, see appendix D, when radiant cooling was applied. However, 
mean radiant temperature was lower than air temperature, thus, it is indicated that heat 
from air or occupants will radiate to room’s surface (lower temperature). 
 
Natural ventilation is applied during the hours of non-active system usage. Data during the 
hours of non-active system are derived for adaptive thermal performance evaluation in 
order to reduce the hour of active system usage. Nighttime maximum environmental 
temperature as a result of option 1: applying natural ventilation with air conditioning system 
and option 2: applying natural ventilation with radiant cooling system are shown in Table 
6.21 for summer design day and Table 6.22 for winter design day. Daytime maximum 
environmental temperature on summer and winter design day are shown in Figure 6.23. 
 
Table 6.21 Nighttime maximum environmental temperature and standard effective 
temperature on summer design day (21 April). 
 Living room Bedroom 
 MRT DBT EnvT SET MRT DBT EnvT SET 
 (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) 
Option 1 31.2 29.5 30.6 33.2 32.5 31.8 32.3 33.5 
Option 2 30.9 29.5 30.4 32.8 33.1 31.9 32.7 33.8 
Note: Data during non-active system are shown. 
 
Table 6.22 Nighttime maximum environmental temperature and standard effective 
temperature on winter design day (21 December). 
 Living room Bedroom 
 MRT DBT EnvT SET MRT DBT EnvT SET 
 (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) (ºC) 
Option 1 28.8 27.3 28.3 28.4 29.4 29.2 29.3 29.1 
Option 2 28.7 27.3 28.2 28.4 29.8 29.3 29.6 29.4 
Note: Data during non-active system are shown. 
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Summer design day (21 April) 
 
 
 
 
 
Option 1: Natural ventilation with 
air conditioning system 
 
Option 2: Natural ventilated with 
radiant cooling system 
 
Winter design day (21 December) 
 
 
 
 
 
Option 1: Natural ventilation with 
air conditioning system 
 
Option 2: Natural ventilated with 
radiant cooling system 
 
 
 
Figure 6.23 Nighttime maximum environmental temperature on summer and winter 
design day. 
 
For living room, nighttime natural ventilation is applied from 9:00 p.m. to 6:00 a.m., 
after an active system is used. On summer design day, the environmental temperature 
almost stayed outside comfort zone due to high humidity during nighttime. Although 
the increasing of air motion for 1.5 m/s could dragged the environmental temperature 
to stay in comfort zone. However, people still feel warmer than the actual temperature. 
On the other hand, natural ventilation could be used after active system is off under the 
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condition of winter design day: lower outdoor air temperature (3ºC lower than summer 
design day), and humidity lower than 70% RH. There is a possibility to occupy the 
living room all night, after active system is off, using natural ventilation with low indoor 
wind velocity of 0.5 m/s. 
 
Meanwhile for bedroom, natural ventilation is applied from 6:00 p.m. to 9:00 p.m., 
before an active system is used. Environmental temperature during natural ventilated 
hours was higher than outdoor air temperature for 0.9ºC due to the effect of heat 
accumulation on room’s surface during daytime, see appendix D. With the combination 
of high humidity on summer design day, thermal comfort was difficult to achieve. 
Nighttime natural ventilation is effective for winter design day. The comfort 
environment could be provided from daytime to nighttime until 9:00 p.m. under low 
indoor wind velocity of 0.5 m/s. 
 
Cooling energy of the active cooling systems 
Cooling energy as a result of implementing passive strategies with active system: option 
1 using the conventional air conditioning system, and option 2 using radiant cooling 
system, can be shown in Table 6.23. The simulation was conducted on the design day 
which has resulted in the highest annual average total cooling energy consumption or 
summer design day (21 April), and the lowest consumption occurred on winter design 
day (21 December).   
 
Table 6.23 Cooling energy as a result of implementing passive strategies with active 
system. 
 Cooling energy per area (J/m2) 
 Summer design day (21 April) Winter design day (21 December) 
 Living room Bedroom Living room Bedroom 
Option 1 459,962 240,662 253,448 97,228 
Option 2 369,719 153,071 233,187 66,591 
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The result showed that at the same set-point temperature at 25ºC, radiant cooling system 
indicated lower cooling energy consumption both during summer and winter design 
day. Average cooling energy per area was lower than cooling energy used in air 
conditioning system approximately 19.6% reduction for living room and 36.4% 
reduction for bedroom on summer design day. On winter design day, which indicated 
the lowest cooling energy consume compared to all year round, the result showed that 
half of cooling energy consumed during summer design day was reduced. Using radiant 
cooling system also indicated the cooling energy reduction compared to the energy used 
in an air conditioning system. 
 
6.4 Conclusions 
For high-rise condominium height lower than 88 m, vertical outdoor air temperature 
gradient was smaller than wind velocity gradient. Higher residential unit could collect 
the higher speed of wind to enhance the use of natural ventilation. On summer design 
day (21 April), outdoor wind velocity was larger than winter design day (21 December). 
Comfort range during the hottest day of the summer could be extended by high wind 
motion. The rate of convection heat loss from human skin is increased by the wind 
motion. On winter design day, outdoor wind velocity was lower, thus the extension of 
comfort range was low. However, lower outdoor air temperature has a strong effect to 
the thermal comfort, as a result, outdoor air temperature mostly stayed in comfort range. 
 
In order to avoid the excessive heat from outdoor environment especially on summer, 
heat avoidance strategy is the primary technique that should be concerned. In hot-humid 
climate, direct solar radiation should be avoided by implementing a shading device on 
the building envelope. The implementation of shading device to shade an opening, 
exterior window and door, was the most efficient technique for high-rise residential 
unit. The shading device must not obstruct the pleasant view which is the significant 
market value for high-rise condominium. Applying shading device could reduce room’s 
environmental temperature greater than the effect of exterior wall’s thermal properties. 
Avoiding an opening on west-facing façade indicated the equivalent performance as 
adding the horizontal overhang or vertical fin on west-facing window (projection factor 
of shading device is 0.5). 
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The selection of construction material for exterior wall was related to the type of 
ventilation that occupants will use during occupied period. If the building is mainly 
occupied during daytime and use only mechanical ventilation, e.g. office building, high 
thermal resistance materials should be used. For the residential unit, occupants use both 
natural ventilation and mechanical ventilation with the 24 hours of occupancy, applying 
high thermal resistance materials were not the best alternative. For the corner unit, up 
to three sides of exterior wall, using high thermal resistance should be concerned to 
some extent. However, the reduction in room’s environmental temperature was small 
compared to the use of existing material, concrete wall 12.5 cm thickness. Therefore, 
to avoid the higher-cost investment from adding thermal insulation and decreasing in 
saleable area from the increasing of wall thickness, concrete wall with plastering (12.5 
cm thickness) could be used as the exterior wall material. 
 
The second technique is applying natural ventilation. Increasing the use of natural 
ventilation help reduce the hours of air conditioning system usage. Applying natural 
ventilation during daytime is preferable for hot-humid climate. Humidity is the 
significant factor beside air temperature. At the same temperature, people feel warmer 
under humidity higher than 50% RH and feel cooler under humidity lower than 50% 
RH. Although, daytime outdoor air temperature was higher (warmer) than nighttime, 
but lower humidity coupled with higher wind speed could extend the comfort range and 
enhance the comfort sensation of occupants under high indoor wind velocity of 1.5 m/s 
on summer and low indoor wind velocity of 0.5 m/s on winter. However, applying 
daytime natural ventilation especially on hottest day of summer was resulted in an 
increasing of cooling energy of active cooling system due to the effect of heat absorbed 
and stored in room’s surface. Therefore, low outdoor air temperature is preferable for 
natural ventilation. 
 
The hours of applying natural ventilation could be extended from daytime to nighttime 
occupancy under the low outdoor temperature and humidity of winter under indoor 
wind velocity of 0.5 m/s. In summer, humidity during nighttime was high; only natural 
ventilation was not sufficient to provide comfort environment. An active cooling 
system is an alternative to deal with high temperature and humidity and to maintain 
128 
 
nighttime thermal comfort. The conventional air conditioning system and radiant 
cooling system, which has the different cooling process, were studied. Under the set-
point temperature at 25ºC, air conditioning system indicated a greater performance in 
space cooling. Room’s environmental temperature is lower (cooler) than using radiant 
cooling system. However, mean radiant temperature was higher than air temperature 
when an air conditioning system was applied, as a result, heat from room’s surface 
radiate to the room’s air. In addition, the effect of mean radiant temperature is twice as 
significant as dry-bulb temperature. Room’s environmental temperature was high due 
to high mean radiant temperature. 
 
On the other hand, applying radiant cooling system could reduce mean radiant 
temperature to stay slightly lower than indoor air temperature (dry-bulb temperature), 
as a result, heat from occupants and indoor air will radiate to the cooler surface of 
radiant panel. With the control of chilled-water supplied temperature to radiant cooling 
panel at 25ºC, cooling energy consumption was lower than the conventional air 
conditioning system. The room with low heat gain, one side of the exterior wall, 
indicated a greater reduction in cooling energy consumption than the room with high 
heat gain which is contained of three sides of the exterior wall. 
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CHAPTER 7 
CONCLUSIONS 
 
In this chapter, the conclusions of this dissertation will be carried out along with the 
guideline of design modification for high-rise residential unit in hot-humid climate of 
Bangkok. Further recommendations are also given for the future study. 
 
7.1 Conclusions 
In general, sustainable building are designed to correspond with the location, outdoor 
environment, and functional usage of the building. The two mainstreams of sustainable 
building design are passive and active building which deal with the different design 
strategies but aim at the similar solutions in achieving occupant thermal preference and 
building energy conservation. In passive building, e.g. vernacular architecture, 
environmental resources are used to provide indoor comfort environment. Meanwhile, 
the mechanical equipment along with high thermal resistance materials are used to 
control indoor environment for active building, e.g. office building. In case of the 
combination between passive and active building, e.g. residential building, natural and 
mechanical ventilation are applied in the same unit to provide comfort environment 
during occupied period. The effective design strategies for this type of building should 
be studied in order to optimize the benefits of occupant thermal comfort and energy 
consumption. 
 
In Thailand, building sector accounts for the highest electricity consumption especially 
the residential building. The condominium in Bangkok has possessed the highest 
supplies among the real estate market due to the influences of urbanization, social 
change, and development of housing for expatriates coupled with the introduction of 
mass transit system. The blooming of condominium has led to an increasing of building 
energy consumption since an air conditioning system plays the major role in enhancing 
occupants comfort condition. In order to raise the awareness of building energy 
consumption, policies driven have been launched by both government and private 
sectors. The mandatory requirements in the Building Energy Code (BEC), from the 
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government sector, rely on using energy efficient products for building envelope 
system, lighting system, and air-conditioning system, which result in higher investment 
cost. From the private sector, green building assessment has been released. The benefits 
will be provided after the project is certified. The barriers of complication in criterion 
and higher investment cost in energy efficient technology have resulted in a few project 
participated in the assessment system. 
 
This dissertation aims at finding the design guideline for the high-rise condominium 
which passive with active system are applied to optimize the benefits of occupant 
thermal comfort and cooling energy consumption. Adaptive thermal comfort was 
adopted as the assessment criteria of the building’s occupant in the urban area of 
Bangkok. The highest demanded one bedroom condominium unit was selected for 
thermal comfort evaluation. The study focused on the 33 m2 occupied area which is in 
the main to upper class segment with the medium price range between 50,000 to 100,000 
Baht/m2. The selected unit is located at the mid-height of the tower. The corner room facing 
south-west was selected to represent the worst-case scenario for thermal performance. 
 
The study was carried out by field investigation and computer program simulation. The 
field investigation was conducted under the weather condition of extremely high 
temperature from May until the beginning of June. Four hypothetical cases were 
devised based on the occupant behavioral adjustment towards thermal comfort through 
the window opening and air conditioning system usage. The results showed that 
applying natural ventilation during daytime indicated the possibility to provide indoor 
thermal comfort under the predicted indoor air movement of 1.0 m/s. Standard effective 
temperature (SET) was lower than environmental temperature (EnvT) due to daytime 
average relative humidity (RH) was lower than 50% RH, as a result, occupant might feel 
cooler than the actual room’s environmental temperature. Natural ventilation could help 
reduced environmental temperature and extended thermal comfort range under the 
medium indoor wind velocity. 
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However, daytime average indoor wind velocity was low (lower than 0.5 m/s) due to 
the following effects: 1) insufficient natural ventilation was the consequence of the 
single-sided natural ventilation, 2) low outdoor wind velocity with an average wind 
speed lower than 1 m/s, and 3) less ratio of window openable area to floor area. 
Consequently, the upper limit of comfort range could not be extended effectively. 
 
For nighttime, only natural ventilation could not maintain thermal comfort for all night 
due to high humidity over 50% RH, as a result, occupant might feel warmer than the 
actual environmental temperature. The active cooling system are the alternative in 
providing thermal comfort environment during nighttime due to the ability to control 
room’s air temperature and humidity. However, high outdoor air temperature and 
humidity from outdoor environment had entered the rooms when natural ventilation 
was applied during daytime coupled with the excessive heat from direct sunlight passed 
through the exterior windows. As a result, heat was absorbed and accumulated by 
room’s surface which resulted in higher mean radiant temperature. Heat stored in the 
wall, floor, and ceiling has resulted in an increasing of cooling energy when an air 
conditioning system was applied during nighttime. Therefore, low outdoor air 
temperature are preferable for daytime natural ventilation in order to reduce the effect 
of heat stored in room components: wall, floor, and ceiling. Exterior shading device 
should be implemented to reduce the heat gain from direct sunlight exposed through 
the exterior windows. Moreover, radiant cooling system should be studied regarding 
the ability to control room’s surface temperature. 
 
Field investigated results had been validated with the results from computer simulation 
program, EnergyPlus version 8.4. The simulated results showed the correspondence 
with the investigated results. In case of non-ventilated room, simulated results indicated 
higher dynamic behavior due to the influence of natural infiltration towards indoor air 
temperature. The natural infiltration should be inputted in the simulation unless the 
model will be assumed as a tight room. In this study, the effect of infiltration was 
neglected due to the difficulties of measuring air leakage through building enclosures; 
infiltration rate was not inputted. As a result, the environmental temperature in case of 
non-ventilated room was higher than the investigated results. In case of naturally 
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ventilated room, natural ventilation in simulation exhibited slightly greater performance 
than in the investigated results due to constant airflow rate was assumed in simulation. 
In case of applying natural ventilation along with an air conditioning system, the 
environmental temperature in simulation showed the correspondence with investigated 
results. After calibration method, the calibrated model was used as an initial model for 
parametric study on the factors influencing indoor thermal environment. 
 
The parametric study had been carried out under outdoor environmental condition of 
the summer design day on April 21 and the winter design day on December 21. Factors 
influencing indoor thermal environment for high-rise condominium are described as 
follows: 1) unit height and height-dependent variable, 2) solar shading on building 
envelope, 3) construction materials, 4) applying natural ventilation in different 
occupied periods, 5) applying natural ventilation with air conditioning system in 
different occupied periods, and 6) applying natural ventilation with radiant cooling 
system in different occupied periods. The results of environmental temperature and 
cooling energy reduction were compared. The best case from each strategy towards the 
environmental and cooling energy reduction were integrated regarding three-tier design 
approach to achieve sustainable building and thermal comfort. Adaptive thermal 
comfort and cooling energy of the integrated passive design strategies with active 
system were evaluated. The design modification for high-rise condominium unit in hot-
humid climate of Bangkok can be described as follows. 
 
Heat avoidance Strategy 
This strategy is the primary technique that should be concerned for building design in 
hot-humid climatic region. The implementation of shading device, to shade the exterior 
window and door, was the most efficient technique for high-rise residential unit. The 
shading device must not obstruct the pleasant view which is the significant market value 
for high-rise condominium. Horizontal overhang and vertical fin with the projection 
factor of 0.5 indicated the greater performance in environmental temperature reduction 
than the effect of using higher thermal resistance materials as the exterior wall. 
Moreover, avoiding an opening on west-facing façade indicated the equivalent 
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performance as adding the overhang or fin on west-facing window with the projection 
factor of 0.5. 
For the residential unit, 24 hours of occupancy, both natural ventilation and mechanical 
ventilation are applied. For the corner unit with three sides of the exterior wall, using 
high thermal resistance material should be concerned to some extent. However, the 
reduction in room’s environmental temperature was small compared to the use of 
concrete wall with plastering (12.5 cm thickness). Therefore, to avoid the higher-cost 
investment from adding thermal insulation and to avoid the decreasing in saleable area 
from increasing of wall thickness, concrete wall with plastering could be used as the 
exterior wall material. 
 
Passive cooling Strategy 
In order to reduce the hours of air conditioning system usage, natural ventilation should 
be concerned as the second tier. Applying natural ventilation during daytime is 
preferable for hot-humid climatic region. Although daytime outdoor air temperature 
was higher (warmer) than nighttime, but lower humidity coupled with higher wind 
speed during daytime could extend the comfort range and enhance the occupant comfort 
sensation under high indoor wind velocity of 1.5 m/s on summer design day and low 
indoor wind velocity of 0.5 m/s on winter design day. In addition, the hours of applying 
natural ventilation could be extended from daytime to nighttime occupancy due to the 
influences of low outdoor temperature and humidity in winter. Nighttime thermal 
comfort could be provided under indoor wind velocity of 0.5 m/s. 
 
Mechanical Cooling or Active Cooling Strategy 
In summer, humidity during nighttime was high; only natural ventilation was 
insufficient to maintain comfort environment for all night. An active cooling system is 
an alternative to control indoor environment and provide nighttime thermal comfort. 
Under the set-point temperature at 25ºC, the conventional air conditioning system 
indicated the greater performance in space cooling compared to the radiant cooling 
system. However, room’s surface temperature was higher than air temperature when an 
air conditioning system was applied which resulted in high environmental temperature. 
On the other hand, applying radiant cooling system could reduce room’s surface 
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temperature to stay lower than indoor air temperature. As a result, heat from occupants 
and indoor air might radiated to the cooler surface of radiant panel. With the control of 
chilled-water supplied temperature at 25ºC, cooling energy consumption was lower 
than the conventional air conditioning system. In addition, the results of applying 
radiant cooling system in the room with low heat gain (one side of the exterior wall), 
indicated a greater reduction in cooling energy consumption than the room with high 
heat gain (three sides of the exterior wall). 
 
Besides the benefits of enhancing thermal comfort for building occupants, the design 
modification and adaptive comfort evaluation method provided in this dissertation can 
be used as an initial design guideline for designers. It can help raise the awareness of 
designers and entrepreneurs to invest and participate on green building evaluation with 
the building design that support for both natural and mechanical ventilation. For green 
building assessment, the results of indoor thermal comfort evaluation under passive 
strategies with active system should be considered in earning an extra credit from 
providing an innovative performance in green building categories not specifically 
addressed by the green building institute. In addition, this dissertation also introduced 
the possibility in achieving thermal comfort and cooling energy saving based on passive 
strategies implementation with the addition of an active system, rather than rely on 
energy efficient products.  
 
7.2 Further Recommendations 
This dissertation aims at enhancing indoor thermal comfort and reduce the hours of air 
conditioning system usage for the main class to upper class condominium segment in 
hot-humid area of Bangkok. The possibility in using natural ventilation during daytime 
was elaborated with the building modification based on 1) heat avoidance strategy, 2) 
passive cooling strategy, and 3) active cooling strategy. 
 
For heat avoidance strategy, thermal properties of the external envelope should be 
studied in details. To find out that the property of conduction or specific heat capacity 
of the construction materials play the major role on heat transfer into the building. 
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Moreover, solar reflectance of an external wall e.g. from changing building’s color, 
should also be analyzed. 
 
For passive cooling strategy, building orientation, floor planning, and room’s function 
arrangement should be studied in further detail with the aims at increasing natural 
ventilation (cross-ventilation, as the most effective ventilation), and also avoid 
contaminated resources from an urban area. 
 
For active cooling strategy, internal surface temperature reduction should be studied in 
order to reduce mean radiant temperature which indicates the significant effect on 
environmental temperature reduction in hot-humid climatic region. Moreover, the 
equivalent cooling performance between the conventional air conditioning system and 
radiant cooling system should be investigated in order to get more accurate results of 
cooling energy saving. Based on the recommendations, modifications of high-rise 
condominium in hot-humid climate can be further improved.  
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Appendix A1: Thermal Properties of Surface Construction Elements 
Materials Object 1, 2  Object 3  Object 4 
Name Reinforced Concrete  Plastering  Gypsum Board 
Roughness Medium Smooth  Smooth   Smooth 
Thickness (m) 0.1, 0.22  0.0125  0.009 
Conductivity (W/m∙K) 1.442  0.72  0.16 
Density (kg/m3) 2400  1860  640 
Specific Heat (J/kg∙K) 920  840  1150 
Materials Object 5  Object 6  Object 7 
Name Laminate Flooring  Fiberboard  Light Weigh Brick 
Roughness Smooth  Smooth  Medium Rough 
Thickness (m) 0.008  0.035  0.075 
Conductivity (W/m∙K) 0.25  0.25  0.2 
Density (kg/m3) 1400  1400  800 
Specific Heat (J/kg∙K) 840  840  840 
Materials Object 8     
Name Granito Tiles     
Roughness Very Smooth     
Thickness (m) 0.009     
Conductivity (W/m∙K) 1.5     
Density (kg/m3) 2300     
Specific Heat (J/kg∙K) 1070     
Note: Thermal absorptance, Solar absorptance and Visible absorptance of all materials are 0.9, 0.7 
and 0.7, respectively. 
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Appendix A2: Thermal Properties of Window Materials: Glazing 
Glazing Materials Object 1  Object 2 
Name GREEN 6 MM  CLEAR 6 MM 
Thickness (m) 0.006  0.006 
Solar Transmittance at Normal Incidence 0.487  0.775 
Front Side Solar Reflectance at Normal Incidence 0.056  0.071 
Back Side Solar Reflectance at Normal Incidence 0.056  0.071 
Visible transmittance at Normal Incidence 0.749  0.881 
Front Side Visible Reflectance at Normal Incidence 0.07  0.08 
Back Side Visible Reflectance at Normal Incidence 0.07  0.08 
Infrared Transmittance at Normal Incidence 0  0 
Front Side Infrared Hemispherical Emissivity 0.84  0.84 
Back Side Infrared Hemispherical Emissivity 0.84  0.84 
Conductivity 0.9  0.9 
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Appendix B1: Environmental Temperature (EnvT) as a Result of Construction 
Materials for Nighttime Occupancy. 
Table B1-1 Zone outdoor air temperature (
o
T ) in different unit height. 
21 April Zone outdoor air temperature, To (ºC) 
Ground Mid-
Center 
Top Mid-west 
low 
Mid-west 
measured 
Mid-west 
high 
Daytime 33.5 33.4 33.0 33.4 33.1 33.1 
Nighttime 29.5 29.4 29.0 29.4 29.1 29.1 
All day 31.5 31.4 31.0 31.4 31.1 31.1 
 
Table B1-2 Zone outdoor wind velocity ( oV ) in different unit height. 
21 April Zone outdoor wind velocity, Vo (m/s) 
Ground Mid-
Center 
Top Mid-west 
low 
Mid-west 
measured 
Mid-west 
high 
Daytime 3.2 3.8 5.1 3.8 4.7 4.8 
Nighttime 2.1 2.5 3.3 2.5 3.1 3.1 
All day 2.6 3.1 4.2 3.1 3.9 3.9 
 
Appendix B2: Environmental Temperature (EnvT) as a Result of Shading Device 
Implementation. 
Table B2-1 Environmental temperature (EnvT) as a result of shading devices 
implementation (living room). 
 To EnvT (ºC) 
 (ºC) Base case Case 1 Case 2 Case 3 Case 4 Case 5 
Daytime 33.0 34.9 34.3 34.8 34.9 34.6 34.5 
Nighttime 28.9 33.9 33.9 33.9 34.0 33.8 33.7 
All Day 31.0 34.4 34.1 34.3 34.4 34.2 34.1 
 To EnvT (ºC) 
 (ºC) Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 
Daytime 33.0 34.7 34.5 34.4 34.3 34.3 34.1 
Nighttime 28.9 33.8 33.7 33.7 33.6 33.6 33.5 
All Day 31.0 34.2 34.1 34.1 33.9 33.9 33.8 
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Table B2-2 Environmental temperature (EnvT) as a result of shading devices 
implementation (bedroom). 
 To EnvT (ºC) 
 (ºC) Base case Case 1 Case 2 Case 3 Case 4 Case 5 
Daytime 33.0 34.8 34.5 34.5 34.8 34.5 34.3 
Nighttime 28.9 34.0 33.8 33.8 34.1 33.8 33.7 
All Day 31.0 34.4 34.2 34.1 34.5 34.2 34.0 
 To EnvT (ºC) 
 (ºC) Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 
Daytime 33.0 34.7 34.6 34.4 34.2 34.2 34.0 
Nighttime 28.9 33.9 33.8 33.7 33.6 33.6 33.5 
All Day 31.0 34.3 34.2 34.0 33.9 33.9 33.7 
 
Appendix B3: Environmental Temperature (EnvT) as a Result of Changing 
Construction Materials for Nighttime Using Air Conditioning System. 
  
Case A/C Case A/C + N/V 
Note: A/C is air-conditioning system. 
          N/V is natural ventilation 
Figure B3-1 Different mode of room’s ventilation. 
 
List of construction materials 
Base Mat – Concrete wall 12.5 cm thick 
Mat 1 – Lightweight brick wall 10 cm thick 
Mat 2 – Concrete wall 24.5 cm thick 
Mat 3 – Lightweight brick wall 17.5 cm thick 
Mat 4 – Double lightweight brick wall with air gap 
Mat 5 – Concrete wall with R11 insulation 
Mat 6 – Lightweight brick wall with R11 insulation 
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1. EnvT and cooling energy in living room 
Case A/C: air conditioning is used during nighttime. 
 
Table B3-1 EnvT as a result of construction materials in living room (case A/C). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
Daytime 33.0 33.7 33.5 33.3 33.0 32.9 33.3 33.2 
Nighttime 28.9 31.2 30.4 31.5 30.5 30.5 30.0 30.0 
All Day 31.0 32.4 32.0 32.4 31.7 31.7 31.7 31.6 
 
Case A/C + N/V: air conditioning is used during nighttime and natural ventilation is 
applied during non-A/C period. 
 
Table B3-2 EnvT as a result of construction materials in living room (case A/C + N/V). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
Daytime 33.0 33.4 33.3 33.1 32.8 32.8 33.0 33.0 
Nighttime 28.9 30.7 30.0 31.0 30.1 30.1 29.7 29.6 
All Day 31.0 32.1 31.6 32.0 31.5 31.4 31.4 31.3 
 
Table B3-3 Cooling load as a result of different ventilation. 
 Cooling energy per area (J/m2) 
 Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
A/C 422,881 366,226 387,126 349,348 344,349 299,202 298,250 
A/C + N/V 443,906 387,095 418,121 375,852 371,610 322,992 322,323 
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Case A/C 
 
 
Case A/C + N/V 
 
 
Figure B3-2 Environmental temperature as a result of changing construction materials 
(living room). 
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2. EnvT and cooling energy in bedroom 
Case A/C: air conditioning is used during nighttime. 
 
Table B3-4 EnvT as a result of construction materials in bedroom (case A/C). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
Daytime 33.0 32.1 31.8 31.9 31.5 31.5 31.6 31.5 
Nighttime 28.9 29.2 28.9 29.1 28.8 28.7 28.7 28.6 
All Day 31.0 30.7 30.4 30.5 30.1 30.1 30.1 30.1 
 
Table B3-5 EnvT as a result of construction materials in bedroom (case A/C + N/V). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
Daytime 33.0 32.1 31.9 32.0 31.7 31.7 31.7 31.7 
Nighttime 28.9 29.1 28.8 29.0 28.7 28.7 28.6 28.6 
All Day 31.0 30.6 30.4 30.5 30.2 30.2 30.2 30.1 
 
Table B3-6 Cooling load as a result of different ventilation. 
 Cooling energy per area (J/m2) 
 Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
A/C 252,334 228,596 253,347 224,899 223,245 214,403 212,687 
A/C + N/V 263,819 242,215 265,286 240,924 239,548 229,366 227,938 
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Case A/C 
 
 
Case A/C + N/V 
 
 
Figure B3-3 Environmental temperature as a result of changing construction materials 
(bedroom). 
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Appendix B4: Environmental temperature (EnvT) as a result of applying effective 
natural ventilation in different occupied periods. 
 
Table B4-1 EnvT as a result of applying effective natural ventilation in different 
occupied periods (living room). 
 To EnvT (ºC) 
 (ºC) Base case Case N/V-1 Case N/V-2 Case N/V-3 
Daytime 33.0 34.9 33.7 33.7 33.3 
Nighttime 28.9 33.9 33.4 31.1 31.0 
All day 31.0 34.4 33.6 32.4 32.1 
 
Table B4-2 EnvT as a result of applying effective natural ventilation in different 
occupied periods (bedroom). 
 To EnvT (ºC) 
 (ºC) Base case Case N/V-1 Case N/V-2 Case N/V-3 
Daytime 33.0 34.8 33.5 33.0 32.9 
Nighttime 28.9 34.0 33.2 30.8 30.7 
All day 31.0 34.4 33.4 31.9 31.8 
 
Table B4-3 Indoor relative humidity as a result of applying effective natural ventilation 
in different occupied periods. 
 RH (%) in living room RH (%) in bedroom 
 Case N/V-1 Case N/V-2 Case N/V-3 Case N/V-1 Case N/V-2 Case N/V-3 
Daytime 60.7 63.3 60.8 60.7 65.6 60.9 
Nighttime 56.6 75.3 75.6 57.1 75.4 75.7 
All day 58.7 69.3 68.2 58.9 70.5 68.3 
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Living room 
 
 
Bedroom 
 
 
Figure B4-1 Indoor relative humidity as a result of applying effective natural 
ventilation in different occupied periods. 
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Appendix B5: Environmental temperature (EnvT) as a result of applying effective 
natural ventilation with air conditioning system in different occupied periods. 
 
Table B5-1 EnvT as a result of applying effective natural ventilation with air 
conditioning system in different occupied periods (living room). 
 EnvT (ºC) 
Occupied periods Daytime occupancy Nighttime occupancy All day occupancy 
Case A/C-1 N/V + A/C-1 A/C-2 N/V + A/C-2 A/C-3 N/V + A/C-3 
Daytime 29.2 29.1 33.7 33.4 28.8 28.8 
Nighttime 31.5 31.0 31.2 30.7 29.7 29.6 
All day 30.4 30.1 32.4 32.1 29.3 29.2 
 
Table B5-2 EnvT as a result of applying effective natural ventilation with air 
conditioning system in different occupied periods (bedroom). 
 EnvT (ºC) 
Occupied periods Daytime occupancy* Nighttime occupancy All day occupancy* 
Case A/C-1 N/V + A/C-1 A/C-2 N/V + A/C-2 A/C-3 N/V + A/C-3 
Daytime 32.6 32.4 32.1 32.1 30.6 31.0 
Nighttime 32.0 31.4 29.2 29.1 28.4 28.4 
All day 32.3 31.9 30.7 30.6 29.5 29.7 
Note: *In bedroom, air conditioning system is not used during daytime. 
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Figure B5-1 Environmental temperature as a result of applying effective natural 
ventilation with air conditioning system in different occupied periods. 
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Appendix B6: Environmental temperature (EnvT) as a result of applying effective 
natural ventilation with radiant cooling system in different occupied periods. 
 
Table B6-1 EnvT as a result of applying effective natural ventilation with radiant 
cooling system in different occupied periods (living room). 
 EnvT (ºC) 
Occupied periods Daytime occupancy Nighttime occupancy All day occupancy 
Case RAD -1 N/V + RAD -1 RAD -2 N/V + RAD -2 RAD-3 N/V + RAD -3 
Daytime 31.9 32.2 33.9 33.6 31.5 32.0 
Nighttime 32.1 31.5 31.5 31.0 30.9 31.0 
All day 32.0 31.9 32.7 32.3 31.2 31.5 
 
Table B6-2 EnvT as a result of applying effective natural ventilation with radiant 
cooling system in different occupied periods (bedroom). 
 EnvT (ºC) 
Occupied periods Daytime occupancy* Nighttime occupancy All day occupancy* 
Case RAD -1 N/V + RAD -1 RAD -2 N/V + RAD -2 RAD -3 N/V + RAD -3 
Daytime 33.7 33.3 32.6 32.5 32.0 32.2 
Nighttime 32.9 32.1 30.9 30.6 30.4 30.4 
All day 33.3 32.7 31.7 31.6 31.2 31.3 
Note: *In bedroom, air conditioning system is not used during daytime. 
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Figure B6-1 Environmental temperature as a result of applying effective natural 
ventilation with radiant cooling system in different occupied periods. 
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APPENDIX C: SIMULATED RESULTS ON WINTER DESIGN 
DAY (21 DECEMBER) 
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Appendix C1: Environmental temperature (EnvT) as a result of construction 
materials for nighttime occupancy. 
Table C1-1 Zone outdoor air temperature (
o
T ) in different unit height. 
21 December Zone outdoor air temperature, To (ºC) 
Ground Mid-
Center 
Top Mid-west 
low 
Mid-west 
measured 
Mid-west 
high 
Daytime 28.8 28.7 28.3 28.7 28.4 28.4 
Nighttime 26.3 26.2 25.8 26.2 26.0 25.9 
All day 27.5 27.4 27.0 27.4 27.2 27.2 
 
Table C1-2 Zone outdoor wind velocity ( oV ) in different unit height. 
21 December Zone outdoor wind velocity, Vo (m/s) 
Ground Mid-
Center 
Top Mid-west 
low 
Mid-west 
measured 
Mid-west 
high 
Daytime 1.5 1.8 2.4 1.8 2.2 2.2 
Nighttime 1.0 1.2 1.6 1.2 1.5 1.5 
All day 1.2 1.5 2.0 1.5 1.8 1.9 
 
Appendix C2: Environmental temperature (EnvT) as a result of shading device 
implementation. 
Table C2-1 Environmental temperature (EnvT) as a result of shading devices 
implementation (living room). 
 To EnvT (ºC) 
 (ºC) Base case Case 1 Case 2 Case 3 Case 4 Case 5 
Daytime 28.3 31.7 31.2 31.5 31.5 31.0 30.3 
Nighttime 25.8 31.2 31.1 31.0 31.1 30.6 30.1 
All Day 27.0 31.4 31.2 31.2 31.3 30.8 30.2 
 To EnvT (ºC) 
 (ºC) Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 
Daytime 28.3 31.3 30.9 30.6 30.0 30.3 29.6 
Nighttime 25.8 30.9 30.6 30.3 29.9 30.1 29.6 
All Day 27.0 31.1 30.8 30.5 29.9 30.2 29.6 
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Table C2-2 Environmental temperature (EnvT) as a result of shading devices 
implementation (bedroom). 
 To EnvT (ºC) 
 (ºC) Base case Case 1 Case 2 Case 3 Case 4 Case 5 
Daytime 28.3 32.7 32.5 31.9 32.8 31.5 30.4 
Nighttime 25.8 31.9 31.7 31.1 32.1 31.0 30.1 
All Day 27.0 32.3 32.1 31.5 32.5 31.3 30.3 
 To EnvT (ºC) 
 (ºC) Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 
Daytime 28.3 32.5 32.2 31.3 30.2 31.0 29.9 
Nighttime 25.8 31.7 31.4 30.8 29.9 30.5 29.6 
All Day 27.0 32.1 31.8 31.0 30.0 30.7 29.7 
 
Appendix C3: Environmental temperature (EnvT) as a result of construction 
materials for nighttime occupancy. 
  
Case A/C Case A/C + N/V 
Note: A/C is air-conditioning system. 
          N/V is natural ventilation 
Figure C1-1 Nighttime occupancy. 
 
List of construction materials 
Base Mat – Concrete wall 12.5 cm thick 
Mat 1 – Lightweight brick wall 10 cm thick 
Mat 2 – Concrete wall 24.5 cm thick 
Mat 3 – Lightweight brick wall 17.5 cm thick 
Mat 4 – Double lightweight brick wall with air gap 
Mat 5 – Concrete wall with R11 insulation 
Mat 6 – Lightweight brick wall with R11 insulation 
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1. EnvT and cooling energy in living room 
Case A/C: air conditioning is used during nighttime. 
 
Table C1-1 EnvT as a result of construction materials in living room (case A/C). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
Daytime 28.3 30.8 31.5 30.6 31.3 31.4 32.4 32.5 
Nighttime 25.8 29.0 28.8 29.2 29.3 29.3 29.3 29.3 
All Day 27.0 29.9 30.1 29.9 30.3 30.4 30.9 30.9 
 
Case A/C + N/V: air conditioning is used during nighttime and natural ventilation is 
applied during non-A/C period. 
 
Table C1-2 EnvT as a result of construction materials in living room (case A/C + N/V). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
Daytime 28.3 29.9 30.2 29.7 29.8 29.8 30.3 30.3 
Nighttime 25.8 28.3 27.7 28.3 27.9 27.9 27.6 27.6 
All Day 27.0 29.1 28.9 29.0 28.9 28.9 28.9 28.9 
 
Table C1-3 Cooling load as a result of different ventilation. 
 Cooling energy per area (J/m2) 
 Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
A/C 326,396 304,414 284,901 296,031 302,343 281,518 284,826 
A/C + N/V 316,015 277,357 268,775 266,464 262,514 229,392 231,304 
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Case A/C 
 
 
Case A/C + N/V 
 
 
Figure C1-2 Environmental temperature as a result of changing construction materials 
(living room). 
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2. EnvT and cooling energy in bedroom 
Case A/C: air conditioning is used during nighttime. 
 
Table C1-4 EnvT as a result of construction materials in bedroom (case A/C). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
Daytime 28.3 30.8 31.0 30.7 31.0 31.0 31.5 31.5 
Nighttime 25.8 28.3 28.3 28.3 28.4 28.4 28.6 28.5 
All Day 27.0 29.5 29.7 29.5 29.7 29.7 30.1 30.0 
 
Table C1-5 EnvT as a result of construction materials in bedroom (case A/C + N/V). 
 To EnvT (ºC) 
 (ºC) Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
Daytime 28.3 29.9 29.9 29.8 29.7 29.7 29.8 29.8 
Nighttime 25.8 27.9 27.6 27.8 27.6 27.6 27.5 27.5 
All Day 27.0 28.9 28.8 28.8 28.6 28.6 28.7 28.7 
 
Table C1-6 Cooling load as a result of different ventilation. 
 Cooling energy per area (J/m2) 
 Base Mat Mat 1 Mat 2 Mat 3 Mat 4 Mat 5 Mat 6 
A/C 194,883 190,123 200,658 199,838 201,423 207,534 207,073 
A/C + N/V 173,443 156,908 174,837 159,137 158,625 152,711 151,543 
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Figure C1-3 Environmental temperature as a result of changing construction materials 
(bedroom). 
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Appendix C4: Environmental temperature (EnvT) as a result of applying effective 
natural ventilation in different occupied periods. 
 
Table C4-1 EnvT as a result of applying effective natural ventilation in different 
occupied periods (living room). 
 To EnvT (ºC) 
 (ºC) Base case Case N/V-1 Case N/V-2 Case N/V-3 
Daytime 28.3 31.7 29.5 29.9 29.0 
Nighttime 25.8 31.2 30.0 28.0 27.7 
All day 27.0 31.4 29.8 28.9 28.3 
 
Table C4-2 EnvT as a result of applying effective natural ventilation in different 
occupied periods (bedroom). 
 To EnvT (ºC) 
 (ºC) Base case Case N/V-1 Case N/V-2 Case N/V-3 
Daytime 28.3 32.7 29.6 29.8 28.7 
Nighttime 25.8 31.9 29.9 27.7 27.3 
All day 27.0 32.3 29.7 28.8 28.0 
 
Table C4-3 Indoor relative humidity as a result of applying effective natural ventilation 
in different occupied periods. 
 RH (%) in living room RH (%) in bedroom 
 Case N/V-1 Case N/V-2 Case N/V-3 Case N/V-1 Case N/V-2 Case N/V-3 
Daytime 48.7 46.8 48.9 48.6 47.0 48.9 
Nighttime 45.1 59.1 59.4 45.4 59.1 59.4 
All day 46.9 52.9 54.1 47.0 53.0 54.2 
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Figure C4-1 Indoor relative humidity as a result of applying effective natural 
ventilation in different occupied periods. 
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Appendix C5: Environmental temperature (EnvT) as a result of applying effective 
natural ventilation with air conditioning system in different occupied periods. 
 
Table C5-1 EnvT as a result of applying effective natural ventilation with air 
conditioning system in different occupied periods (living room). 
 EnvT (ºC) 
Occupied periods Daytime occupancy Nighttime occupancy All day occupancy 
Case A/C-1 N/V + A/C-1 A/C-2 N/V + A/C-2 A/C-3 N/V + A/C-3 
Daytime 27.8 27.6 30.8 29.9 27.5 27.4 
Nighttime 29.4 28.5 29.0 28.3 27.9 27.5 
All day 28.6 28.0 29.9 29.1 27.7 37.5 
 
Table C5-2 EnvT as a result of applying effective natural ventilation with air 
conditioning system in different occupied periods (bedroom). 
 EnvT (ºC) 
Occupied periods Daytime occupancy* Nighttime occupancy All day occupancy* 
Case A/C-1 N/V + A/C-1 A/C-2 N/V + A/C-2 A/C-3 N/V + A/C-3 
Daytime 31.3 30.0 30.8 29.9 29.8 29.4 
Nighttime 30.5 29.1 28.3 27.9 27.8 27.5 
All day 30.9 29.6 29.5 28.9 28.8 28.5 
Note: *In bedroom, air conditioning system is not used during daytime. 
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Figure C5-1 Environmental temperature as a result of applying effective natural 
ventilation with air conditioning system in different occupied periods. 
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Appendix C6: Environmental temperature (EnvT) as a result of applying effective 
natural ventilation with radiant cooling system in different occupied periods. 
 
Table C6-1 EnvT as a result of applying effective natural ventilation with radiant 
cooling system in different occupied periods (living room). 
 EnvT (ºC) 
Occupied periods Daytime occupancy Nighttime occupancy All day occupancy 
Case RAD-1 N/V + RAD-1 RAD -2 N/V + RAD -2 RAD -3 N/V + RAD -3 
Daytime 29.0 28.6 29.9 29.4 28.7 28.5 
Nighttime 29.1 28.3 28.6 28.0 28.2 27.8 
All day 29.0 28.5 29.3 28.7 28.5 28.1 
 
Table C6-2 EnvT as a result of applying effective natural ventilation with radiant 
cooling system in different occupied periods (bedroom). 
 EnvT (ºC) 
Occupied periods Daytime occupancy* Nighttime occupancy All day occupancy* 
Case RAD -1 N/V + RAD -1 RAD -2 N/V + RAD -2 RAD -3 N/V + RAD -3 
Daytime 31.4 30.2 30.4 29.7 30.2 29.7 
Nighttime 30.7 29.3 28.9 28.4 28.7 28.3 
All day 31.0 29.7 29.6 29.1 29.5 29.0 
Note: *In bedroom, air conditioning system is not used during daytime. 
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Figure C6-1 Environmental temperature as a result of applying effective natural 
ventilation with radiant cooling system in different occupied periods. 
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APPENDIX D: SIMULATED RESULTS OF INTEGRATED 
PASSIVE DESIGN STRATEGIES WITH ACTIVE SYSTEM 
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Appendix D1: The results of applying effective natural ventilation with air 
conditioning system (option 1). 
 
Table D1-1 The results of applying effective natural ventilation with air conditioning 
system on summer design day (21 April). 
Time To (ºC) DBT(ºC) MRT (ºC) EnvT (ºC) RH (%) 
(hour)  Living Bed Living Bed Living Bed Living Bed 
1 29.5 29.5 25.0 31.2 29.5 30.6 28.0 79.0 35.4 
2 29.1 29.2 25.0 30.8 29.2 30.3 27.8 81.7 35.4 
3 28.8 28.9 25.0 30.6 29.0 30.0 27.6 83.7 35.4 
4 28.5 28.6 25.0 30.3 28.8 29.7 27.5 85.6 35.4 
5 28.2 28.3 25.0 30.0 28.6 29.5 27.4 86.4 35.4 
6 27.9 28.0 25.0 29.8 28.5 29.2 27.3 87.0 35.4 
7 27.6 27.7 27.7 29.6 28.6 29.0 28.3 87.4 87.7 
8 28.7 28.7 28.7 29.7 29.1 29.4 29.0 81.5 81.7 
9 30.6 30.6 30.5 30.2 29.8 30.3 30.0 72.5 72.6 
10 32.5 32.4 32.4 31.0 30.6 31.5 31.2 64.3 64.4 
11 33.6 33.6 33.5 32.0 31.5 32.5 32.2 58.7 58.9 
12 34.3 34.2 34.2 32.7 32.1 33.2 32.8 55.3 55.4 
13 34.9 34.9 34.8 33.4 32.6 33.9 33.4 52.3 52.4 
14 35.2 35.2 35.1 34.0 33.1 34.4 33.8 50.5 50.6 
15 35.3 35.2 35.2 34.5 33.4 34.7 34.0 50.1 50.2 
16 35.3 35.3 35.2 34.9 33.6 35.1 34.1 49.4 49.6 
17 34.5 34.5 34.5 35.1 33.5 34.9 33.8 52.0 52.2 
18 33.1 33.2 33.1 34.9 33.2 34.3 33.2 56.9 57.1 
19 31.8 25.0 31.8 33.6 32.5 30.7 32.3 45.1 62.6 
20 30.6 25.0 30.7 32.3 31.9 29.9 31.5 39.1 66.0 
21 29.5 25.0 29.6 31.5 31.4 29.3 30.8 38.9 67.8 
22 28.4 28.6 25.0 31.2 30.5 30.3 28.7 69.1 46.3 
23 27.7 27.9 25.0 30.8 29.8 29.8 28.2 70.5 39.5 
24 27.3 27.4 25.0 30.3 29.3 29.4 27.9 72.5 38.8 
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Table D1-2 The results of applying effective natural ventilation with air conditioning 
system on winter design day (21 December). 
Time To (ºC) DBT (ºC) MRT (ºC) EnvT (ºC) RH (%) 
(hour)  Living Bed Living Bed Living Bed Living Bed 
1 24.5 24.7 25.0 27.0 26.6 26.2 26.1 64.4 39.1 
2 24.2 24.4 25.0 26.6 26.4 25.9 25.9 66.4 39.1 
3 24.0 24.2 25.0 26.3 26.3 25.6 25.8 67.9 39.1 
4 23.7 23.9 25.0 26.1 26.1 25.3 25.7 69.5 39.0 
5 23.7 23.8 25.0 25.8 26.0 25.1 25.7 69.1 39.0 
6 23.7 23.8 25.0 25.6 25.9 25.0 25.6 66.6 39.1 
7 23.8 23.9 23.9 25.4 25.7 24.9 25.1 64.3 64.2 
8 24.2 24.3 24.3 25.4 25.6 25.0 25.2 31.8 61.8 
9 25.0 25.0 25.1 25.6 25.9 25.4 25.6 59.0 58.9 
10 25.7 25.8 25.8 26.1 26.3 26.0 26.1 56.1 56.0 
11 26.9 26.9 26.9 26.7 26.9 26.8 26.9 51.9 51.9 
12 28.4 28.3 28.3 27.6 27.6 27.8 27.9 47.6 47.7 
13 29.8 29.8 29.7 28.5 28.5 28.9 28.9 43.7 43.7 
14 30.7 30.6 30.6 29.5 29.2 29.9 29.7 41.5 41.6 
15 31.3 31.2 31.2 30.2 29.8 30.6 30.2 40.5 40.6 
16 31.8 31.8 31.7 30.9 30.1 31.2 30.7 38.8 39.0 
17 31.3 31.3 31.3 31.3 30.1 31.3 30.5 39.8 40.0 
18 30.3 30.3 30.3 31.2 29.8 30.9 30.0 43.3 43.5 
19 29.2 25.0 29.2 30.3 29.4 28.6 29.3 41.2 46.8 
20 28.4 25.0 28.5 29.5 28.9 28.0 28.8 38.5 49.1 
21 27.8 25.0 27.9 29.0 28.6 27.7 28.3 38.5 51.1 
22 27.2 27.3 25.0 28.8 28.0 28.3 27.0 53.5 44.2 
23 26.7 26.8 25.0 28.5 27.6 28.0 26.7 55.3 39.2 
24 26.1 26.3 25.0 28.2 27.2 27.5 26.5 56.2 39.1 
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Figure D1-1 Environmental temperature as a result of applying effective natural 
ventilation with air conditioning system (option 1). 
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Appendix D2: The results of applying effective natural ventilation with radiant 
cooling system (option 2). 
 
Table D2-1 The results of applying effective natural ventilation with radiant cooling 
system on summer design day (21 April). 
Time To (ºC) DBT (ºC) MRT (ºC) EnvT (ºC) RH (%) 
(hour)  Living Bed Living Bed Living Bed Living Bed 
1 29.5 29.5 29.9 30.9 29.5 30.4 29.6 79.1 73.0 
2 29.1 29.2 29.6 30.7 29.3 30.2 29.4 81.8 74.1 
3 28.8 28.9 29.4 30.4 29.1 29.9 29.2 83.8 75.2 
4 28.5 28.6 29.2 30.1 28.9 29.6 29.0 85.7 76.1 
5 28.2 28.3 29.0 29.9 28.8 29.4 28.8 86.4 76.9 
6 27.9 28.0 28.8 29.6 28.6 29.1 28.7 87.1 77.7 
7 27.6 27.7 27.7 29.4 28.6 28.8 28.3 87.5 87.7 
8 28.7 28.7 28.7 29.4 28.9 29.2 28.8 81.6 81.7 
9 30.6 30.6 30.5 30.0 29.6 30.2 29.9 72.5 72.6 
10 32.5 32.4 32.4 30.9 30.6 31.4 31.2 64.3 64.3 
11 33.6 33.6 33.5 31.9 31.5 32.4 32.2 58.8 58.8 
12 34.3 34.2 34.2 32.7 32.2 33.2 32.9 55.3 55.4 
13 34.9 34.9 34.8 33.5 32.9 33.9 33.6 52.3 52.4 
14 35.2 35.2 35.1 34.2 33.5 34.5 34.0 50.5 50.6 
15 35.3 35.3 35.2 34.8 33.9 35.0 34.3 50.0 50.2 
16 35.3 35.3 35.2 35.4 34.2 35.3 34.5 49.3 49.5 
17 34.5 34.5 34.5 35.6 34.2 35.3 34.3 52.0 52.2 
18 33.1 33.2 33.2 35.4 33.8 34.7 33.6 56.8 57.0 
19 31.8 33.5 31.9 33.0 33.1 33.2 32.7 56.0 62.5 
20 30.6 33.0 30.7 32.0 32.5 32.3 31.9 57.8 65.9 
21 29.5 32.2 29.6 31.3 31.9 31.6 31.1 60.5 67.7 
22 28.4 28.5 30.3 30.6 30.1 29.9 30.2 69.1 64.7 
23 27.7 27.8 30.0 30.2 29.5 29.4 29.7 70.7 65.9 
24 27.3 27.4 29.5 29.8 29.2 29.0 29.3 72.6 67.6 
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Table D2-2 The results of applying effective natural ventilation with radiant cooling 
system on winter design day (21 December). 
Time To (ºC) DBT (ºC) MRT (ºC) EnvT (ºC) RH (%) 
(hour)  Living Bed Living Bed Living Bed Living Bed 
1 24.5 24.7 26.6 26.9 26.5 26.1 26.5 64.5 56.6 
2 24.2 24.4 26.4 26.5 26.3 25.8 26.3 66.5 57.5 
3 24.0 24.1 26.2 26.2 26.1 25.5 26.1 67.9 58.2 
4 23.7 23.9 26.0 25.9 26.0 25.2 26.0 69.6 58.8 
5 23.7 23.8 25.8 25.6 25.8 25.0 25.8 69.2 59.4 
6 23.7 23.8 25.7 25.4 25.7 24.8 25.7 66.7 59.9 
7 23.8 23.9 23.9 25.2 25.5 24.7 25.0 64.4 64.3 
8 24.2 24.3 24.3 25.1 25.4 24.8 25.0 61.9 31.8 
9 25.0 25.0 25.0 25.4 25.7 25.2 25.4 59.1 59.0 
10 25.7 25.7 25.8 25.8 26.1 25.8 26.0 56.1 56.1 
11 26.9 26.9 26.9 26.6 26.7 26.7 26.8 51.9 51.9 
12 28.4 28.3 28.3 27.5 27.5 27.8 27.8 47.6 47.7 
13 29.8 29.8 29.7 28.5 28.5 28.9 28.9 43.7 43.7 
14 30.7 30.7 30.6 29.6 29.3 30.0 29.8 41.5 41.6 
15 31.3 31.2 31.2 30.5 30.0 30.8 30.4 40.5 40.6 
16 31.8 31.8 31.7 31.3 30.5 31.5 30.9 38.8 38.9 
17 31.3 31.4 31.3 31.8 30.6 31.7 30.8 39.8 40.0 
18 30.3 30.4 30.3 31.7 30.3 31.3 30.3 43.2 43.5 
19 29.2 30.6 29.3 30.3 29.8 30.4 29.6 43.3 46.7 
20 28.4 30.3 28.5 29.6 29.4 29.8 29.1 44.1 49.0 
21 27.8 29.7 27.9 29.1 28.9 29.3 28.6 45.5 51.0 
22 27.2 27.3 28.1 28.7 27.8 28.2 27.9 53.5 50.6 
23 26.7 26.8 27.8 28.4 27.5 27.8 27.6 55.3 51.4 
24 26.1 26.2 27.5 28.0 27.2 27.4 27.3 56.2 52.4 
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Figure D2-1 Environmental temperature as a result of applying effective natural 
ventilation with radiant cooling system (option 2). 
